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ABSTRACT 
The first high resolution electron energy loss spectroscopy (HREELS) 
studies of the oxidation and nitridation of germanium surfaces are 
reported. Both single crystal Ge(lll) and disordered surfaces were 
studied. Surfaces were exposed to H, O2, NO, N2O, and N, after cleaning 
in ultra-high vacuum. The Ge surfaces were found to be non-reactive to 
molecular hydrogen (H2) at room temperature. Exposure to atomic hydrogen 
(H) resulted hydrogen adsorption as demonstrated by the presence of Ge-H 
vibrational modes. The HREEL spectrum of the native oxide of Ge 
characteristic of v-Ge02 was obtained by heating the oxide to 200*C. 
Three peaks were observed at 33, 62, and 106 meV for molecular oxygen 
(O2) adsorbed on clean Ge(lll) at room temperature. These peaks are 
indicative of dissociative bonding and a dominant Ge-O-Ge bridge 
structure. Subsequent hydrogen exposure resulted in a shift of the Ge-H 
stretch from its isolated value of 247 meV to 267 meV, indicative of a 
dominant +3 oxidation state. A high density of dangling bonds and 
defects and deeper oxygen penetration at the amorphous Ge surface result 
in a dilute bridge structure with a predominant +1 oxidation state for 
similar exposures. Molecules of N2O decompose at the surfaces to 
desorbed N2 molecules and chemisorbed oxygen atoms. In contrast, both 
oxygen and nitrogen are detected at the surfaces following exposure to NO 
molecules. Both NO and N2O appear to dissociate and bond at the top 
surface layer. Molecular nitrogen (N2) does not react with the Ge 
surfaces, however, a precursor Ge nitride is observed at room temperature 
V 
following exposure to nitrogen atoms and ions. Removal of oxygen by 
heating of the NO-exposed surface to 550"C enabled the identification of 
the Ge-N vibrational modes. These modes show a structure similar to that 
of germanium nitride. This spectrum is also identical to that of the 
N-exposed surface heated to 550*0. Surface phonon modes of the narrow-
gap semiconducting compounds Mg^Sn, MggGe and Ng2Si were detected at 29, 
32, and 40 meV, respectively. The native oxide of all three show a 
dominant Mg-0 mode at 80 meV. Probable Sn-0, Ge-0, and Si-0 modes are 
also identified. Complete removal of the oxide layer was accomplished 
only on the Mg2Si surface but resulted in no noticeable change in the 
energy of the surface phonon. Results are compared to the known bulk 
optical properties of these compounds. 
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I. INTRODUCTION 
A. General Description of HREELS 
High resolution electron energy loss spectroscopy (HREELS) is a 
technique that uses the scattering of low energy electrons from a 
surface to determine the vibrational properties of the surface. Figure 
1.1 shows a monochromatic beam of electrons with an energy distribution 
centered around an energy Ep and some spread in energy SE incident upon 
a surface. The scattered béam has, in addition to the elastic peak 
centered at Ep, an additional peak at an energy AE below that of the 
elastic peak. Some of the electrons have lost an energy 6E = Mw to the 
surface vibration of frequency (o. The exact nature of the scattering 
cross section will be discussed in a later chapter. In a typical HREELS 
experiment the energy distribution of the scattered beam is then 
collected and compared with IR absorption data, Raman scattering data, 
neutron scattering data, other HREELS spectra, or anything else that 
will help in the interpretation of the peaks. A full discussion of the 
technique is given in the book by Ibach and Mills.^ 
The incident electron energy Ep for this technique ranges from 1 eV 
to about 20 eV, and the spread in energy SE ranges from 5 meV to about 
20 meV. The low incident energies are needed to insure surface 
sensitivity and also to Insure that other higher energy processes do 
not compete with the vibrational scattering cross section. These higher 
order processes include valence band and core level electronic 
-h CO 
Fig. 1.1 Diagram of the scattering process. The dipole field set up 
by the electron and its image interacts with a surface mode, 
causing the electron to lose energy ftw 
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transitions, Auger processes, plasmons, and secondary electron 
emmission. 
Fig. 1.2% shows the relationship of the spectrum obtained in HREELS 
to those obtained by other spectroscopies consisting of both incident 
and outgoing electrons. The peak at E^ is the elastic peak. The large 
peak at low energies consists of the "true" secondary electrons often 
used to image in electron microscopy. The inset shows Auger transitions 
in the first derivative mode. It must be pointed out that in contrast 
to the EELS peaks, the position of the Auger peaks are independent of 
the elastic peak. The plasmons and the valence band and core level 
transitions occur in the EQ-50 to EQ range while the vibrational 
transitions are bunched up close to the elastic peak. The energies of 
these vibrational transitions differ from the elastic peak by only meV 
and so are not resolvable on this figure. 
B. Experimental Difficulties 
The low energy of the incident electrons causes special 
experimental difficulties. These low energy electrons are extremely 
sensitive to uneven work functions on the surfaces of the instrument. 
Work function variations of even 1/2 volt are too much. To alleviate 
this problem, most HREEL spectrometers are coated on the inside with 
graphite. The elements are also provided with bakeout heaters. Once 
baked, this provides a uniform phase of graphitic carbon with little 
work function variation. Gold plating is sometimes used on conducting 
4 
Eo=2000 eV 
vibrational 
transitions 
ENERGY, eV 
valence band and 
core level transitions, 
plasmons 
Fig. 1.2 Spectrum of electrons scattered from a solid (ref. 2). EQ is 
the energy of the elastic peak. The large peak near zero 
energy is due to "true" secondary electrons 
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surfaces. 
The low energy electrons are also very susceptible to magnetic 
fields, which tend to deflect the electron beam out of the desired 
position. Magnetic shielding must be provided to ensure that the field 
does not exceed about 50 mGauss. Particularly troublesome sources of 
magnetic field include the earth's magnetic field (0.6 Gauss), 
alternating magnetic fields, and ion pumps whose fields can reach 
several thousand Gauss. Care must be taken so that the magnetic field 
does not "leak" through cracks and holes in the shielding. 
Tuning the spectrometer itself presents difficulty. One is working 
in an n-dimensional space where n is on the order of the number of 
spectrometer voltages. The ELS-22 spectrometer contains 4 sector 
voltages, 2 slit voltages, 2 contact voltages, 1 repeller voltage, 3 
electron gun anode voltages with 3 associated asymmetries, and 4 
voltages associated with accleration and deceleration optics with 3 
associated asymmetries. One can also adjust the beam energy and the 
filament current. Hence, there are many local maxima in the electron 
beam current which may not result in the best signal. Tuning of the 
spectrometer demands patience and practice. 
Finally, the electron beam itself is rather large (1/2 cm long) and 
is not imageable as in, for example, Auger spectroscopy. One must make 
sure that the surface being studied is being hit by the beam. This 
calls for very precise geometric alignment of the sample. Cleaning of 
the sample by sputter-etching requires an ion gun with a very large 
raster size (1 cm^ or greater) so that the entire electron beam will hit 
6 
the cleaned surface. 
C. History of HREELS 
The history of HREELS goes back about 20 years. In 1967 Prost and 
Piper first demonstrated the feasibility of using HREELS to detect 
vibrations of gas molecules adsorbed at a surface.^ They detected 
vibrations of H2, N2, CO, and H2O adsorbed on U(IOO). The first direct 
observation of a surface optical phonon was reported by Ibach in 1970 on 
ZnO(llO).^ These so-called Fuchs-Kliever surface modes were first 
predicted by Fuchs and Kliewer in 1965.5 Both adsorbate vibrations and 
Fuchs-Kliewer surface modes are dealt with in this work. A review paper 
by ThiryG shows the number of HREELS experimental papers published 
annually from 1967 to 1984. This review plus an earlier version? 
contain a total of 525 references to experimental works involving 
HREELS. Examination of these references indicates that the vast 
majority of works are metal-adsorbate studies. This may be partially 
due to the fact that metal surfaces are very important in the area of 
catalysis. Metals also have the advantage of being easier to work with 
than semiconductors, both from a theoretical and experimental 
standpoint. About 25% of the works involve semiconductors or 
insulators, and of this 25% the majority involve adsorbates on the 
surface of silicon. Again this is not surprising considering the 
technological importance of silicon in the semiconductor industry. A 
literature search of the remaining years 1985-1989 also indicates a 
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predominance of HREELS studies on metals and silicon. 
The semiconducting compounds Mg^Si, Mg2Ge, and Mg2Sn also have not 
been studied before using the HREELS technique. We have obtained some 
results on these compounds. Because the main thrust of this 
dissertation involves studies on germanium, the results of these 
experiments are presented at the end. 
D. Studies on Germanium 
Part of the motivation of this work is the little attention that 
germanium has received in this respect. As of Jan. 1990, only three 
other papers involving HREELS studies on germanium have been 
published.®"^® All involve Ge(lOO). One involves hydrogen adsorption 
and the other two involve water adsorption. The main results will be 
discussed in a later chapter. 
The study of hydrogen adsorption on germanium and silicon is 
especially important in the area of amorphous semiconductors. In 
unhydrogenated amorphous semiconductors, dangling bonds cause states to 
arise within the gap, thus degrading the electrical properties of the 
material. Hydrogen is used to terminate these dangling bonds and 
elimate the unwanted states within the gap. Also, amorphous 
semiconductors contain structures called microvoids. These are actual 
internal surfaces that occur within the bulk of the material. These 
microvoids seem to be an important factor in controlling hydrogen 
diffusion.il The bonding of hydrogen at these microvoids (especially 
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large mlcrovoids) can be understood in terms of bonding at surfaces, 
where, in both cases, weakening of depolarization effects tend to affect 
vibrational ferquencies. IR studies of hydrogenated amorphous 
semiconductors can be compared to HREEL studies of hydrogen adsorption 
to determine vibrational frequencies in microvoids. 
Another motivating factor for this work is that germanium, while it 
will probably never achieve the technological importance of silicon, is 
increasingly becoming a material of interest. Germanium has certain 
advantages over silicon including greater room temperature electron and 
hole mobilities. This brings it into consideration along with GaAs for 
high-speed digital and microwave devices. Also the electron and hole 
mobilities are more nearly equivalent than in GaAs, making it a better 
candidate for complementary structures. Strained-layer Gej^Si^.j^/Si 
heterostructures and superlattices have been shown to be promising 
candidates for photodetectors and heterojunction bipolar transistors.^^ 
The observation of resonant tunneling in these structures also shows 
them to be good candidates for quantum nanostructure devices. 
Finally, films of GeO^ have been generating increasing interest as 
optical memory devices. 
The success of silicon in the semiconductor industry is to a great 
extent derived from the ability to grow a stable insulating oxide layer 
on the surface. This technology for germanium is still in its infancy. 
An excellent review article by Gregory and Crisman^^ summarizes with 149 
references current understanding of both oxidation and nitridation 
processes on germanium and the ability of these processes to form a 
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passivating insulator on the germanium surface. Important to the 
understanding of these processes is the understanding of how the initial 
stages of oxidation and nitridation proceed as well as the effects of 
the form of the oxidant and nitridant, whether it be O2, NO, N2O, NH3, 
or N atoms. These questions are the main ones that will be addressed in 
this thesis. 
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II. THEORY OF BREELS 
A. General Remarks 
There are three basic scattering mechanisms in HREELS:^ 1) dipole 
scattering, where electrons interact with the spatially extended dipole 
field of an adsorbate or surface phonon, 2) impact scattering, where the 
electrons interact directly with the atomic potentials of the surface 
atoms, and 3) resonance scattering, where electrons are temporarily 
trapped in empty orbitale of adsorbate atoms and then scatter. The 
latter two are often grouped together as nondipolar scattering. Because 
the experimental part of this work deals only with dipole scattering 
experiments, only the dipole scattering mechanism will be fully 
developed. 
One of the more important concepts in the development of the 
scattering cross section is that of a loss function.Consider an 
isotropic solid described by a frequency and wave vector dependent 
dielectric function c(w,q)=ci+ie2. Energy can be dissipated into the 
dielectric in several ways: 1) by the attenuation of electromagnetic 
radiation of the proper energy, 2) by bulk induced losses of electrons 
travelling through the solid, and 3) by surface induced losses of 
electrons travelling close to the surface. The attenuation of 
electromagnetic radiation is described by the imaginary part (e^) of the 
dielectric function. Frequency regions where B2(w) is large are regions 
of resonant absorbtion. We are more concerned, however, with the latter 
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two modes of dissipation. 
The energy dissipation rate per unit volume due to dielectric 
losses is given by the time rate of change of the energy density: 
P = 
An 
dD 
L3t; 
(2.1) 
If we consider the Fourier components E(w,q) and D(w,q) of the field 
within the dielectric, we can write the time-average power as 
P = —<Re{E(w,q)e-iwt}.Re{-iwD(w,q)e-lwt}>. 
4n 
( 2 . 2 )  
For an electron travelling through an Isotropic medium, the actual field 
E(w,q) within the crystal is essentially that due to the free charge 
0(cd,q) screened by polarization charges described by the dielectric 
function e((o,q): 
D(w,q) 
E(w,q) = 
e(w,q) 
(2.3) 
The expression for the time average power then becomes 
P(w,q) = —•<Re{e ^ (w,q)D(w,q)e~^'*^'-} •Re{-iwD(w,q)e~^'^^)> (2.4) 
An 
- —•<oD^(«,q)<(Re{l/e}coswt+Im{l/e)slnwt)• (-sln«t)> (2.5) 
4n 
<0 
8n 
•D^(w,q)Im 
r -1 
e(w,q)J 
( 2 . 6 )  
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Therefore the probability of exciting a quantum of energy hw by a charge 
moving hi the bulk is proportional to Im{-l/e). 
For a charge moving in front of a semiinfinite dielectric, the 
method of images can be used to find the effect of screening.One 
finds that the field is screened by a factor of 1/e+e' where e and e' 
are the dielectric constants for the two media. For a charge moving in 
vacuum in front of a dielectric, the probability for energy loss will be 
proportional to 
Surface Loss Function a Im 
-1 
,c(»,q) .+ 1, 
(2.7) 
Maxima in the surface loss function will correspond to maxima in the 
loss spectrum. For negligible damping this will have a maximum for 
e(«g)=-l. Letting and e„ be the low frequency and high frequency 
dielectric constants, respectively, and taking the standard expression 
for the dielectric function of an ionic Insulator 
e(») = e„ + Go -
1 - 0)2 / (*2-
(2 .8 )  
TO 
setting it equal to -1 and solving for Wg, we get the surface mode 
energy 
= (*ro 
=0 + 1 1 
.G*+ 1 , 
(2.9) 
Following Ibach and Mills,^ we now examine the nature of the dipole 
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scattering cross section. For an adsorbate with a dipole moment p and 
natural frequency % the dipole potential above the surface can be 
written as 
V(r,t) = Zpz/r^ exp(-iWot) (2.10) 
where the z-axis is chosen to be the surface normal and the factor of 2 
comes from the contribution of the image potential. This may be 
resolved Into Fourier components consisting of two-dimensional waves 
that lie on a plane parallel to the surface. These waves have a wave 
vector given by q„. The condition that the potential obey LaPlace's 
equation then requires that the z-dependence be exp(-q||Z). The 
potential in terms of these Fourier components is then given by 
V(r,t) = (p/n)exp(-iw_t) d2q„exp(iq,|T||)exp(-q||Z). (2.11) 
Here r,| is the projection of r onto the surface plane. Notice that the 
contribution from each Fourier component has a spatial extent into the 
vacuum above the crystal on the order of q»"^. An incident electron 
approaching the surface with energy and wave vector will be in a 
plane wave state |E^,k^>. The scattered electron will be in a plane 
wave state |Eg,kg>. In first order perturbation theory (Born 
approximation) the scattering cross section is proportional to the 
squared matrix element |<Eg,kg |V(r,t)|E^,k^>|^. The only nonvanishing 
Fourier component from V(r,t) is that one with q,|=kg„-k^||. This is 
equivalent to conservation of momentum parallel to the surface. For 
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small angle deflections and high incident energies then q„«ln0g where 8g 
is the angle between kg and the specular direction. Maximum coupling 
of the incident electron occurs when its velocity VQ resembles the group 
velocity of the surface exitation, v^is^Q/qn.Combining these two 
expressions gives the scattering angle Gg^Wg/k^VQ or 0g«h«Q/2Ej. Thus, 
under usual experimental conditions where h(OQ«Ej, the scattering is 
sharply peaked about the specular direction. 
This then allows for an estimate of the wave vector transfer in 
dipole scattering. This will be given approximately by q||S!kj(ll»Q/2Ej). 
For an incident energy of 10 eV and loss energies in the range of 100 
meV q,„ is estimated to be on the order of 10"^ A"^, which is very close 
to the r point of the surface Brillouin zone. The extent of the dipole 
field into the vacuum is then accordingly about 100 Â. 
An important selection rule for dipole scattering is the dipole 
selection rule.^ Dipoles that are aligned perpendicular to the surface 
will be enhanced by the image charge and will contribute to the 
scattering cross section. Dipoles that are parallel to the surface will 
be screened by the image charge and not contribute to the scattering 
cross section. Screening will be complete in the case of a perfect 
metal but will depend on the strength of the dielectric constant for the 
case of semi-insulating compounds such as semiconductors. 
For collective excitation of solids such as plasmons and phonons 
the selection rule is that only surface modes will contribute to the 
scattering cross section. This comes about due to the fact that surface 
scattering is sharply peaked in the specular direction, while bulk 
15 
scattering gives a more isotropic cross section. Because of the small 
input aperture of high resolution electron energy loss spectrometers 
(typical input aperture of 2°), the amount of bulk scattering related to 
surface scattering is estimated to be on the order of 10~^. 
B. Scattering Probabilities 
The scattering probability for inelastic scattering in the dipole 
regime from surface phonons is given below: 
linelas expdlWg/kT) , Sg - 1 e. - 1 \ 
Q = = j 1 (2.12) 
leias 2hvcos0 exp(fiWg/kT)-l ^ + 1 e* + 1 ' 
This was derived by Ibach and Mills^ and is also derived using a 
slightly different approach in Appendix A. Here Wg is the surface mode 
frequency given by (2.9), v is the velocity of the incident electron, 
and 6 is the angle of incidence. This expression consists of three 
terms. The first term is material independent and was first obtained by 
Stern and Ferrel.^^ The second term takes into account finite 
temperature effects, and the third term corrects for the screening 
effect of the material. Note that this expression depends on bulk 
parameters of the material. This is due to the fact that these Fuchs-
Kliewer surface phonons extend several hundred Angstroms into the 
material where the bulk properties dominate. 
A slightly different expression for the scattering probability in 
the dipole regime is obtained when one is exciting vibrational modes of 
16 
s 
* 
adsorbate species. This expression is given below: 
Q = Fs*-—T* (2.13) 
lelas Gv COS0 
This expression has been derived by several a u t h o r s^'^O uging the model 
of a thin dielectric surface layer on top of the bulk material. Here F, 
is a function of the acceptance angle 9^ and the incident angle 9j; e 
is an effective ionic charge; M^, is the reduced mass of the oscillator; 
CQ is the high frequency dielectric constant of the surface layer, and 
Hg is the number of scatterers per unit area. A table of the function 
Fg for different acceptance and incident angles is given by Ibach and 
Mills.1 Note that this expression depends mainly on surface parameters 
of the material, in contrast to the expression for the surface phonon 
scattering probability. Also note that this scattering probability 
falls off as Ej~^ whereas the probability for surface phonon scattering 
falls off as Ej"^. This expression can be used to calculate the 
effective ionic charge e* from HREELS data. Often this effective ionic 
charge is expressed in terms of the perpendicular component of the 
dipole moment matrix element. The dipole moment matrix element is 
simply e* times the x matrix element and is given by 
n(e*)2/2MrWs = |<l|y||0>|2 (2.14) 
This then gives for the scattering probability: 
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Q .P,.|<l|wj|0>|2. (2.15) 
lelas e„2h2v2cose 
Note that the scattering probability is proportional to the coverage n^. 
Often the dipole-dipole interaction between adsorbed molecules 
causes a tlonllnearity in the intensity as a function of coverage and an 
upward shift in the vibrational frequency. A measure of this coupling 
is the surface electronic polarizability «g. Ibach has derived the 
scattering probability for the case of dipole-dipole coupling:^ 
Q = (2 .16)  
leias hv^cosG (1 + «g2)^ 
Here Z is a sum over nearest neighbors: 
E = ^Zy(l/rij)3 (2.17) 
For an HCP structure, Z=8.9(ng)3/2. pig, 2.1a shows the scattering 
probability as a function of coverage when dipole coupling is 
appreciable. Notice that the scattering probability passes through a 
maximum. Fig. 2.1b shows the scattering probability as a function of 
coverage when dipole coverage is negligible. Note the linear 
dependence. An example of where dipole coupling is important is in the 
case of CO adsorbed on Ru(lOO). The intensity of the CO stretch passes 
through a maximum for a coverage of 6=0.4. The frequency of the CO 
1 
0.4 
Q (n) 
0 
n n 
Q' (n) 
00 
n 
sat sat 
(a) (b) 
Fig. 2.1 Scattering probability 
dipole-dipole coupling 
coupling is negligible 
(Q) vs. coverage (n); (a) where 
is appreciable; (b) where dipole-dipole 
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stretch increases from about 246 meV at zero coverage to about 257 meV 
near saturation. 
C. Overtones and Multiple Losses 
There are two basic types of secondary peaks that occur in electron 
energy loss spectroscopy, overtones and multiple losses. These are 
illustrated in Fig. 2.2. Overtones are true second-order processes 
whereby the electron will couple to an oscillator by making transitions 
over two or more energy levels. They are usually observed on adsorbed 
layers. Multiple losses result from several consecutive first-order 
transitions and are often observed when the scattering probability is 
high, as is the case of scattering from surface phonons. Each of these 
processes is discussed below. 
Because multiple losses are the result of several first-order 
transitions, they occur at exact multiples of the fundamental. As shown 
in the Appendix, they are described by a Poisson distribution: 
Q" 
Pn = e-Q—. (2.18) 
nl 
Here Q is the ratio of the Intensity of the first loss peak to that of 
the elastic peak. 
Selection rules forbid an ideal harmonic oscillator to make 
transitions other than 6n=l. The existence of overtones is due to 
anharmonicity in the oscillator potential. Deviations from harmoniclty 
20 
(a) 
(b) 
2.2 Illustration of the two types of secondary losses: 
(a) multiple loss scattering; (b) overtone scattering 
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are often dealt with by assuming that the potential energy is more 
accurately described by a Morse potential: 
V(r) = DQ[1 - exp(-a(r - rQ)]2 (2.19) 
Here Dg, the dissociation energy, is the depth of the potential veil and 
a is a measure of the width of the veil. The energy eigenvalues of this 
potential can be solved for exactly and are given by 
% = «g(n + %) - «gXg(n + (2.20) 
vhere 
Wg = a(Doh/cRw)*' and WgXg = ha^/Ancp. (2.21) 
In an ideal harmonic oscillator potential, the energy eigenvalues are 
equally spaced. For the Morse potential, the energy eigenvalues get 
closer and closer together as one goes up in energy. In fact the rate 
of change of energy vith respect to n vanishes at the dissociation 
limit: 
= 0 = Wg - 2WgXg(nmax + %), (2.22) 
"max 
dw^/dn 
so that 
"max + ^ = Wg/2«gXg. (2.23) 
The dissociation energy is simply the difference betveen the ground 
state w(0) and w(n,„3jj): 
Dq = h[(Wg^/4WgXg) - %«g + %WgXg]. (2.24) 
When expressed in terms of the fundamental Vi=w(l)-w(0) and the first 
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overtone V2=«(2)-«(0), the dissociation energy becomes 
r<3vi - vg)^ 5 3 
Do = ÏI 
- -vi + -V2 
— 2^*2) 4 8 
(2.25) 
It is useful to consider the dipole moment matrix elements of the 
Morse potential. These have been calculated and tabulated.For Xg«l 
the matrix element between the ground state and first excited state has 
the form of that of the simple harmonic oscillator: 
<l|p|0> = e*(h/2MrWg)% (2.26) 
For a harmonic oscillator, the dipole matrix element between the ground 
state and second excited state vanishes. This is no longer the case 
when anharmonicity is involved. For Xg«l we have: 
<2|p|0> = e*(Xg/2)%(h/2MrWe)% (2.27) 
Since the scattering probability is proportional to the square of the 
matrix element, the first overtone loss will be reduced by a factor Xg/2 
from that of the primary loss. The anharmonicity parameter Xg is 
typically of the order of 10"^, and so the overtone loss peak is reduced 
accordingly. These results will be applied to the HREEL specta of 
hydrogen adsorbed on Ge. 
III. INSTRUMENTATION AND EXPERIMENTAL PROCEDURE 
This chapter will expand on the theory of the 127* sector and its 
use in high resolution EELS. Later it will describe the cylindrical 
mirror analyzer <CMA) used in Auger spectroscopy and electronic EELS. 
Finally, it will describe the sample preparation procedure used in the 
experiments. The details of tuning the HREEL spectrometer are given in 
Appendix B. 
A. The 127" Sector 
Figure 3.1 shows the basic setup of a high resolution electron 
energy loss spectrometer. It consists of a hairpin filament that acts 
as a source of electrons. These electrons are then fed into the 
monochromator which lets only those electrons with an energy EQ pass. 
The resolution of the beam is determined by the formula^ 
ÛE = [As + Bo" + CP"]'EQ. (3.1) 
Here s is the slit width, and a and fi are, respectively, the angular 
apertures in the plane and perpendicular to the plane of deflection. 
For a 127° deflector, A=2/r (r is the radius of the deflector), B=4/3, 
C=l, and n=2. The experimenter reduces the pass energy to improve the 
resolution, but at the same time must keep sufficient signal in order to 
do the experiment. The electrons leaving the monochromator have an 
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energy Eg. They are then accelerated towards the sample to an energy 
Ep. This energy is usually in the 2-20 eV range. The electrons are 
then decelerated and focused into the analyzer. The analyzer scans the 
desired energy range as the channeltron measures the output, thus 
producing the spectrum. On a clean single crystal surface count rates 
of 10^ cps are possible with an energy spread 6E=10 meV. 
The pre-monochromator, main monochromater, main analyzer, and 
secondary analyzer all are intended to pass electrons of a single 
energy. Each consists of two concentric cylindrical plates across which 
a potential V has been applied (see Fig. 3.2). They are bounded on each 
end by a narrow slit. Here R is the radius of the outer cylinder and r 
is the radius of the inner cylinder. The electric field between the 
plates is inversely proportional to the radius, 
E(p) = EQ— , (3.2) 
P 
where EQ is the electric field at the radius at which the slits are 
located, usually halfway between the plates. This is simply related to 
the potential V: 
V 1 
E_ = "In— . (3.3) 
ln(R/r) PQ 
Any electron moving in circular motion around the cylinder at radius Pg 
will have a velocity v^ given by 
26 
Fig. 3.2 The cylindrical 127° sector: r = inner radius; R = outer 
radius; = radius of main path 
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m = bEQ . (3.4) 
Po 
These are the electrons ve wish to pass. Electrons with too much or too 
little energy will not pass through the slit. The controllable 
parameter here is E^. By changing the potential across the plates (and 
hence the value of E^) we can select the energy of the electrons that 
pass through the sector. 
However, not all the electrons that have velocity v^ will be moving 
in circular motion. There will be a small but finite angular 
distribution of electrons having velocity VQ that enter the sector. We 
wish to capture those electrons as well. There exists an optimal angle 
for doing this. The value of this angle will now be derived. 
The general equation of motion for an electron in the sector is 
given by 
d^p v^ 
m—— = m— - eE . (3.5) 
d t2  p  
For circular motion this reduces to (2.1). For small deviations from 
circular orbit we can approximate the electric field near p^ as 
E(p) « EQ 
where 6p is given by 
ÛPI 
1 - — 
PQ-
(3.6) 
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p = pQ + Ap . (3.7) 
The equation of motion for the electron's deviation from the main path 
then becomes 
d^(Ap) e 
Eg 
dt^ p m 
Ap 
1 - — 
Po-
(3.8) 
Before substituting for r we will express the velocity v in terms of r. 
Utilizing conservation of angular momentum under the action of a central 
force, we get 
mvr = const. = mv^r^ . (3.9) 
Equation (2.7) then becomes 
d2(Ap) 2 "o % 
" p3 m 
Ap 
1 - — (3.10) 
We can now substitute (2.6) into the cubic term in the denominator of 
(2.9). This term can be expanded using: 
to give 
, 1 t>
 
1 r Ap] 
(Po + Ap)" = —T' 1 + — » 
3 
1 - 3 • — 
Po PQ- Po pQ" 
d2(Ap) Vq2 m  2 0 e e Eo 
——• ûp -
— EQ + — ——Ap . 
Po Po^ m m Po 
(3.11) 
(3.12) 
The first and third terms on the right hand side cancel using (2.3). 
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Also using (2.3) we can combine the second and fourth terms to give 
d2(Ap) 
= -2"—r*(ûp) (3.13) 
2 » 2 dt 
or 
d2(ûp) 
— + 202-(Ap) = 0 , (3.14) 
dt2 
where 8 is the angular velocity of the electrons on their circular 
trajectory. Notice that Ap exhibits simple harmonic motion with an 
angular frequency given by 
»ûp =2%"8 , (3.15) 
and the period of oscillation given by 
2n 2 j i  
Electrons entering the sector at the slit at t = 0 will have 6p " 0. 
They will diverge slightly to a maximum at t = T^p/A, and then they will 
reconverge back to Ap = 0 at t = T^p/2. During this time they will have 
traveled through an angle 8 given by 
. TAp " 
e = 8 = —— = 127° . (3.17) 
2 2% 
This is the optimal angle for so-called 1st order focusing.2% 
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B. The cylindrical Mirror Analyzer (CMA) 
The analyzer used to perform the electronic EELS and Auger 
experiments is a cylindrical mirror analyzer (CMA). It basically 
consists of two concentric cylinders with entrance and exit slits 
located at either end (see Fig. 3.3). The inner cylinder is usually 
grounded, and the outer cylinder is given a negative potential V. An 
electron gun is located inside the inner cylinder between the slits. 
The sample is positioned in such a way that the angle subtended by the 
entrance slit from the main axis is 42.3°. This is the natural focal 
point for the analyzer and allows for simpler focusing. Auger electrons 
from the sample excited by the primary beam (or primary beam electrons 
that have lost energy) enter the entrance slit and are reflected back 
through the exit slit. They are then focused onto an exit aperture 
(also located at the natural focal point) after which they are collected 
by an electron multiplier. The pass energy (in eV) of the analyzer is 
given by V=1.31VQmgj.ln(RQmgj./Rj„„gp). The outer plate is ramped 
across the desired energy range. 
Because Auger transitions and electronic losses are superimposed on 
a large background of secondary electrons, electronic differentiation 
techniques are used to accentuate the peaks. This is done by adding a 
small modulated voltage (k«V) to the outer cylinder of the analyzer: 
AV = ksinwt (3.18) 
This causes the current at the detector to also be modulated. Expanding 
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this in a Taylor series and using some trig identities we get: 
I(V + ksinut) = Iq + (kl' + . ..)sinwt - (k^I" + ...)cos2(ot. (3.19) 
Here includes all of the time independent terms. Because k is small, 
we can neglect terms of order k^ and higher. A lock-in amplifier is set 
to detect the component of the signal with frequency w for the first 
derivative mode. This is what is generally done for Auger electron 
spectroscopy. For electronic EELS measurements the second derivative is 
measured by locking in to the 2(o frequency component. 
C. Sample Preparation 
Samples used in this study were Ge(lll), a disordered, sputter-
etched Ge(lll), and a film of a-Ge. The Ge(lll) surface was cleaned by 
cycles of 1-3 keV Ar"*" etching and subsequent annealing at ~550°C for 30 
minutes. Annealing was sometimes performed also during the Ar^ etching, 
with no observed effect on the experimental results. This cleaning 
procedure is believed to result in a c(2x8) reconstructed surface.23*24 
In our samples the density of surface dangling bonds and defects is 
unknown, but as the following experiments indicate, it appears to be 
lower, as expected, at the annealed surface. The native oxide can also 
be desorbed by heating to 550*C for 30 minutes. This procedure, 
however, always resulted in a high background and a poor resolution in 
the HREELS experiments. Samples were heated resistively or by electron 
bombardment from the rear. The disordered surface was prepared by Ar^ 
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sputter-etching the crystalline material without further annealing. An 
rf sputter-deposited hydrogenated amorphous germanium (a-Ge:H) film was 
also used.25 As will be seen, the hydrogen in this film is 
preferentially etched by Ar+ ions during surface cleaning. Results were 
qualitatively similar for both the sputter-etched and the amorphous film 
surfaces. Clean surfaces were exposed to various gases at 300K by 
backfilling the vacuum chambers through leak valves at pressures of 10'^ 
to lOr* Torr. Hydrogen adsorption was obtained by dissociating hydrogen 
gas on a hot (-1700'C) tungsten filament. Adsorbed oxygen was removed 
from the surface by heating to ~550®C for several minutes as needed. 
Chemisorbed nitrogen remained at the surface under these conditions. 
The HREELS experiments were performed using the previously 
described Leybold-Heraeus ELS-22 spectrometer. Prior to exposing the 
surfaces to gas molecules the cleanliness was verified by checking for 
the absence of Ge-0, C-H and 0-H vibrational modes. The HREELS 
measurements were performed in the specular direction with an incident 
angle of 60°. The primary energy, Ep, was 5 eV and the elastic peak 
width ranged from ~9 to 20 meV, depending on surface cleanliness and 
order. 
A PHI model 545 Auger spectrometer was used for surface analysis, 
and core level and valence band EELS studies. Sample cleanliness and 
coverage were regularly monitored. The relative concentrations were 
calculated using the equation = (Ijj/S3j)/E„(I„/S„), where is the 
concentration of element x, 1^ is its peak to peak height, and S^ is the 
relative sensitivity factor. The relative sensitivity factors used for 
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the Auger analysis were 0.1 for Ge(LMM), 0.5 for O(KLL), and 0.35 for 
N(KLL).2G Although an oversimplification, this approach is sometimes 
used to analyze adsorbed layers.27*28 The error in the estimated 
concentration increases with coverage. The N(KLL) intensities under the 
same experimental conditions, as well as the N(KLL)/Ge(LMM) values, at 
the Ge(lll) surface exposed to activated N2O saturate at an exposure of 
-6000 L. These values are unchanged when the surfaces are annealed to 
remove oxygen. From the above, N coverage relative to saturation can be 
estimated. A value so obtained is also given. It should be noted that 
all the above coverage calculations render the same qualitative results. 
In the present work the analysis is used only for a qualitative 
comparison. The Ep values for the EELS experiments varied from 100 to 
200 eV. Spectra were taken in the -d2N(E)/dE2 mode and the resolution 
was typically 1-1.5 eV. The electron beam was 60** to the surface 
normal. 
The ion gauge filaments did not affect the interaction of NO and 
N2O with the Ge surfaces. Electrons originating from the Auger electron 
gun, however, did have a small effect on the adsorption process. 
Adsorption was therefore carried out with the electron beam turned off. 
The primary beam, with currents less than lyA, did not appear to 
stimulate desorption during the measurement time as the EEL spectra were 
identical when taken before or after exposing the surfaces to 3kV 
electrons used for analysis. The ion pump in the Auger system appeared 
to strongly activate NO, N2O, and N2 gases. Activated species, which 
may include atoms, ions, and excited species, result in the bonding of 
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relatively large quantities of N and 0. To avoid these activated 
species, the poppet valve separating the ion pump from the vacuum 
chamber was closed for the short period of adsorption, and the chamber 
was pumped by a turbo-molecular pump. This procedure resulted in high 
levels of surface contaminants (>2%) at high exposures (>10^L). The 
smaller quantities of bonded N and 0 observed under these experimental 
conditions are not a result of bonded contaminants that prevent further 
N and 0 bonding. Molecular hydrogen does not interact with Ge surfaces. 
Also, no nitrogen was detected at the surfaces exposed to N2 or N2O 
while operating the turbo-molecular pump only. Nitrogen was detected, 
however, when these same surfaces, with no additional cleaning, were 
subsequently exposed to the above molecules while pumping with the ion 
pump. This problem did not exist in the HREELS system where the sample 
was located during adsorption far away (~2 m) from the line of sight of 
the ion pump. In the HREELS system exposure to atoms and ions of 
nitrogen was carried out by using N2 in a differentially pumped ion gun 
at -100 eV and a pressure of ~10"^ Torr. 
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IV. RESULTS AND DISCUSSION 
A. Previous Studies 
Frequently we will be comparing the results of this work with the 
results of others who have done similar studies. The purpose of this 
section is to summarize some of the important results that have been 
done that are relevant to this work. These works include studies 
involving vibrational EELS, electronic EELS, and photoemission 
experiments. 
Because of the similarities between germanium and silicon, it is 
often useful to compare similar experiments involving the two 
semiconductors. The interaction of H, N, O2, NO, and N2O with Si 
surfaces has been extensively studied using, in addition to other 
surface techniques, high resolution electron energy loss 
spectroscopy.29-32 The interest in these studies was motivated mainly 
by the technological importance of the nitridation and the early stages 
of oxidation of the Si surfaces. As mentioned before, these processes 
at Ge surfaces have received less attention. Other than our studies, 
the only published HREELS works on germanium involve the adsorption of 
hydrogen and water on Ge(100).®~^® Other important studies include 
photoemission studies of the oxidation of germanium,^ 3»34 differential 
reflectometry studies of N2O on germanium,35 and electronic EELS studies 
of H and O2 adsorption on germanium.3^ The results of the present work 
are summarized in two papers.The main points of these studies on 
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germanium will now be discussed. 
In Fig. 4.1a is the HREEL spectrum of Ge(100)2xl exposed to 500L 
atomized hydrogen.^ The peak at 70 meV id the Ge-H wagging mode, and 
the peak at 247 meV is the G-H stretching mode. The peak at 247 meV is 
important for this work because it is very sensitive to its chemical 
environment. Shifts in this peak can determine the number of near-
neighbor oxygen atoms.^8 Figures 4.1b and 4.1c represent a transition 
to a dihydride phase on the surface with the peak near 105 meV 
representing the Ge-H2 scissors mode. 
Fig. 4.2 shows the HREEL spectrum of Ge(lOO) first exposed to 3L 
water vapor at 90K and then warmed to 300K.9 The adsorption had to be 
done at liquid nitrogen temperature (LNT) because water was not observed 
to adsorb on Ge(lOO) at room temperature. Both molecular and 
dissociative adsorption was observed at LNT. At room temperature only 
the dissociated species are observed. The peak at 243 meV is again the 
Ge-H stretch. The 83 meV peak is attributed to the Ge-OH stretch and 
the 115 meV peak is attributed to the Ge-OH bending mode. On Si 
surfaces these two modes are unresolved and occur at around 100 meV. 
The 450 meV peak is attributed to the 0-H stretch. The 83- and 115-meV 
peaks in the spectrum of Fig. 4.2 are at the same positions as a similar 
study of water adsorption (IL) done on films of GejjSij_jj(100).^® Here 
the author attributed the 115-meV peak to a surface oxide mode. As will 
be seen, our results do not support this claim. 
It was mentioned before that shifts in the Ge-H stretch mode can be 
used to determine the number of near neighbor oxygen atoms. For a 
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general substituted germane molecule, GeHRiR^Rg, the frequency of the 
Ge-H stretch mode depends on the electronegativities of the substituting 
Rj. As the electronegativities of the Rj increase, the electron cloud 
tends to pull away from the Ge atom and towards the Rj. This results in 
a more tightly bound Ge-H group and a higher vibrational energy. Oxygen 
has a higher electronegativity than germanium. Therefore, near neighbor 
oxygen atoms tend to raise the vibrational energy more than near 
neighbor Ge atoms. Empirically it is found^® that the vibrational 
energy of the Ge-H bond obeys the relation 
Here S R ( R j )  are defined as the stability ratios, and the sum goes from 1  
to 3. These stability ratios are directly related to the 
Figure 4.3 shows the shifts for Ge and Si. The graphs show how the 
experimentally obtained vibrational energy increases as oxygen atoms are 
substituted for Ge or Si atoms. Because Ge and Si have the same 
electronegativity, they have the same stability ratio sums. These are 
shown at the top of the graph. Figure 4.4 shows possible bonding 
configurations that give rise to these shifts. 
Our studies were used to elucidate the effect of surface order on 
the adsorption process, to compare chemisorption of oxygen originating 
from different oxygen containing molecules, and to study nitrogen 
(4.1) 
electronegativities of the near neighbor atoms:^® 
I X ( R j ) ]  =  0 . 2 0 4 ' S R ( R j )  +  0 . 8 0 6 .  (4.2) 
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bonding. Results are discussed and compared with reported photoemission 
studies.Comparison with oxidation and nitridation of Si is also 
made. 
B. Hydrogen on Ge 
Figure 4.5 shows the HREEL spectrum of an a-Ge:H film that was 
cleaned by Ar"*" etching. The film was deposited by reactive rf 
sputtering from a polycrystalline target onto a single crystal Si 
substrate. The sputtering medium consisted of Ar (9-12 mTorr) and H2 
(1-9 mTorr). By IR techniques it was determined to have ~12 at. X Ge-H 
bonds. Detailed descriptions of the deposition process and the 
calculation of the concentration of hydrogen bonded to Ge may be found 
elsewhere.25 The figure shows two features, one at 70 meV and the other 
at 247 meV. The highly sensitive HREELS technique shows that a small 
amount of hydrogen remains bonded to the surface following Ar^ etching. 
Previous experiments^^using valence-band and core-level EELS and 
Auger line shape measurements could not identify hydrogen induced 
features or Auger line shape changes at the Ar*** etched surfaces. Auger 
line shape changes, however, were detected following hydrogen adsorption 
(see below). Bulk IR measurements on a-Ge:H deposited either by glow 
discharge decomposition of germane (GeH^) or by rf sputtering show 
features at ~ 69, 95, 102, and 233, and 248 meV.^l The 69 meV feature 
was assigned to the wagging mode of all Ge-H bonds. The peak at 233 meV 
was assigned to the bulk monohydride stretching mode, the 248 meV peak 
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was attributed to the dihydride (GeH2) and trihydride (Ge-Hg) stretch 
modes. The 95 and 102 meV features were associated with the bending 
(scissors) modes of the di- and tri- hydride species. All these 
assignments parallel bulk IR results on a-Si:H.^^ The frequency of the 
monohydride stretch mode in bulk a-Si:H increases from 248 to 260 meV as 
the radius of the void around the H atom increases to 2À.43-45 
addition, the surface mono Si-H stretch mode, as measured by HREELS,^^ 
appeared at 260 meV, higher than the corresponding bulk frequency (248 
meV) and similar to that of the bulk mono-H vibration in relatively 
large microvoids. A shift of vibration frequencies to higher values at 
surfaces relative to their corresponding bulk values is expected due to 
weakening of depolarization effects at the surfaces. Thus, we conclude 
that in accordance with results on single crystals of Si and Ge the 247 
meV loss observed on the sputter-etched a-Ge:H surface stems mainly from 
the monohydride Ge-H stretch mode. The absence of the Ge-H2 bending 
mode at 105 meV supports this conclusion. 
Fig. 4.6 shows the spectrum of the Ge(lll) surface exposed to lOL 
H2 atomized on a hot (~1700°C) tungsten filament. Two modes are 
observed at -70 meV and at -245 meV. For exposures higher than lOOL the 
width of the elastic peak increased to >20 meV, and the only resolvable 
peak was the peak at 245 meV. At this low coverage the peak at 245 meV 
is again assigned to the monohydride stretch, increased from its bulk 
value due to polarization effects at the surface. It is believed that 
the dihydride phase exists on Ge(lll) at high exposures, but the 
scissors mode at -105 meV characteristic of this phase could not be 
45 
resolved due to the degradation of the resolution. Also, no hydrogen 
could be detected at the Ge(lll) surface following exposure at room 
temperature to molecular hydrogen. 
Figure 4.7 shows the HREEL spectrum of the disordered surface 
exposed to 200L H2 (atomized). This resulted in a large increase in the 
intensity of the Ge-H wag and stretch vibrations as compared to the 
sputter-etched a-Ge:H surface. The amorphous surface has a high density 
of dangling bonds, and consequently this results in a large scattering 
intensity when the surface is exposed to atomic hydrogen. The Ge-H 
stretch frequency again occurs at 247 meV. The small peak 105 meV is 
attributed to the dihydride scissors mode by comparison with the spectra 
for H/Ge(100) (see Fig. 4.1a). Note that this peak is very small 
compared to the intensity of the Ge-H wag at 70 meV. Empirically, it 
was shown by Shanks et al.46 that the intensity of the Si-H wagging mode 
(78-80 meV) in IR spectroscopy is proportional to the hydrogen 
concentration in a-Si:H films. This is also true for the case of Ge and 
can be extended to the HREELS technique. For full coverage of dihydride 
units on the Ge(lOO) surface, the integrated intensities of the 70 meV 
and 105 meV peaks are roughly equal (Fig. 4.1). From this we conclude 
that on the disordered surface only a small fraction of the hydrogen 
atoms are attached in the dihydride phase. In addition to the multiple 
loss of the Ge-H wagging mode at 140 meV and the combination mode of 
247+70, there is an overtone of the Ge-H stretching mode at 483 meV. 
This overtone can give information concerning the dissociation energy of 
the Ge-H bond. Note that this is slightly less than twice the 
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fundamental. This is due to anharmonicity in the potential energy. The 
degree of anharmonicity is related to the dissociation energy. The 
dissociation energy can be obtained by fitting the two transitions via 
the Birge-Sponer extrapolation to a Norse potential: 
V(r) = Dgtl - exp(-a(r-ro))]2 (4.3) 
The details for fitting are described in Chapter 2. The results are 
shown in Fig. 4.8. The peak at 247 meV has been measured many times and 
is well established. Assuming a conservative estimate of the error in 
the position of the overtone peak of ±2 meV, a dissociation energy of 
2.9±0.5 eV is obtained. This compares to the literature value of 3.3 
eV. 
Studies were also done on films of a-Ge^.j^Cj^:!! that were prepared 
by rf sputtering of a polycrystalline Ge target in a medium of Ar (9-12 
mTorr), H2 (1-9 mTorr), and CgHg (0-4 mTorr).^^ Fig. 4.9 shows the 
HREEL spectrum of one of these alloys with 12% C that was sputter-etched 
clean of surface contaminants. Peaks characteristic of Ge-H and C-H 
bonds are apparent. The Ge-H wag appears at ~70 meV, the Ge-H stretch 
appears at -247 meV, and the C-H stretch appears at -365 meV. Upon 
exposure of the surface to atomic hydrogen, the Ge-H modes increase 
significantly while the C-H modes remain essentially the same. This 
would seem to indicate that the hydrogen is preferentially etched from 
the Ge atoms while the carbon atoms remain saturated with hydrogen. 
This is consistent with earlier observations on the same films 
using a slightly different technique.3* In this technique, line-shape 
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Fig. 4.9 HREELS of Ar+ etched a-Gej^.j^C^sH film and HREELS of same film 
exposed to 200L H2 (atomized) 
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changes were detected in the Ge(MW) Auger transition at 23 eV following 
exposure of a-Geg gCg and a-Geo.5Co.5sH to atomic hydrogen (see Fig. 
4.10). This line shape change confirms that hydrogen is chemisorbed on 
Ge, inducing a modification in the local density of valence states. No 
change in the carbon Auger line shape was detected after hydrogen 
adsorption. Carbon does not seem to react with atomic hydrogen after 
ion etching. Again this behavior would seem to indicate that hydrogen 
is preferentially etched from Ge on these films. This would leave an 
abundance of reactive germanium dangling bonds and relatively few 
reactive carbon bonds on the surfaces following ion etching. 
Several things, then, can be concluded from the hydrogen adsorption 
experiments. We now summarize these. Molecular hydrogen does not react 
with the clean Ge surfaces at room temperature. Only after the hydrogen 
is dissociated on a hot (~1700°C) tungsten filament can the highly 
sensitive HREELS technique detect hydrogen at the surface. The peaks 
characteristic of hydrogen adsorption are the Ge-H wag at 70 meV and the 
Ge-H stretch at 247 meV. Weakening of depolarization effects at the 
surface cause the energy of the Ge-H (monohydride) stretch mode to 
increase from its bulk value of 233 meV to 247 meV at both the ordered 
and disordered surfaces. The HREELS of Ar"*" etched rf sputter-deposited 
a-Ge:H and a-Ge^.^CxZH indicate preferential removal of hydrogen bonded 
to Ge by ion etching (although a relatively small amount of hydrogen 
still remains) and the formation of Ge-H bonds after exposure to 
hydrogen atoms. Auger line shape measurements also support this 
conclusion. A dissociation energy for hydrogen on Ge of 2.9 eV was 
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ground subtraction in clean and hydrogen covered 
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obtained by observing the overtone of the Ge-H stretch and fitting the 
energy to a Morse potential. 
C. Oxygen on Ge 
Figure 4.11a exhibits the HREELS of the contaminated Ge(lll) 
surface. The main contaminants are carbon and oxygen. The loss peaks 
at -170 meV and -365 meV correspond to the bending and stretch modes, 
respectively, of the -CH3 group. The -112 meV loss is attributed to the 
asymmetric stretch mode of the Ge-O-Ge group in the native oxide. 
Upon heating the surface to -200*C the hydrocarbon contaminants desorb 
and the spectrum shown in Fig. 4.11b is produced. This loss spectrum is 
also characteristic of vitreous Ge02 (v-Ge02).^^ A comparison of the 
HREELS of the native oxide and optical data of v-Ge02 is shown in Pig. 
4.12.47 The bulk LO modes occur as peaks in the so-called bulk energy 
loss function [-Im(l/e)](where e is the complex dielectric function of 
the medium e=Si+iG2). This function describes losses incurred by 
electrons travelling through the bulk. The TO modes occur at peaks in 
the imaginary part of the dielectric constant (e^). This function 
describes losses electromagnetic waves incur as they travel through the 
bulk. The surface modes shown occur in the gap between the LO and TO 
modes. Following the bulk IR work of Lucovsky et al.^l the loss peaks at 
-36 and -70 meV are ascribed to the bond rocking and bond bending modes, 
respectively, of the Ge-O-Ge group. The rocking mode is the out of 
plane motion of the oxygen. The bending mode is described as the motion 
of the oxygen atom in the Ge-O-Ge plane along a line bisecting the bond 
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Fig. 4.11 The HREELS of Ge(lll) at Ep = 5 eV: (a) The contaminated 
surface; (b) after heating at 200°C for -5 minutes (Ge02); 
(c) the clean surface; (d) after lO^L O2 exposure at 300K 
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angle. 
Figure 4.11c shows the featureless spectrum of the clean Ge(lll) 
surface, which, when annealed, forms the c(2x8) reconstruction. This is 
a much lower background spectrum than that obtainable for Si(111), which 
forms the (7x7) reconstruction. It is believed that on the Si(lll)7x7 
surface, transitions between the high density of surface states within 
the gap causes the high background.^ When these surface states are 
removed by exposure to atomic hydrogen, the background reduces 
significantly. From the low background for the Ge(lll) surface we 
conclude that the density of surface states within the gap is much 
lower. 
Exposure of the clean Ge(lll) surface to lO^L O2 at 300K results in 
the loss spectrum in figure 4.lid. The loss peaks at -33, -62, and -106 
meV correspond, respectively, to the rocking, bending, and asymmetric 
stretching modes of the Ge-O-Ge group as deduced from IR measurements of 
Ge02 and a-Ge:(H,0).41 Thus, oxygen appears to dissociatively chemisorb 
in the bridge configuration as is the case for Si(lll). This assignment 
parallels that of the isolated Si-O-Si group in a-Si:(H,0).^^ Thus, 
similarities are also expected in the HREEL spectra of the O^/Ge and 
02/Si systems. Indeed for each system three main losses are observed at 
high coverage. For oxygen covered Si surfaces these modes are at about 
50, 90, and 126 meV (see Fig. 4.13). The 90 and 126 meV losses were 
assigned to the symmetric and asymmetric stretch modes, 
respectively.29-31 The surface structure and/or reconstruction of the 
clean surface seem to have little effect on the positions of the three 
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Fig. 4.13 HREELS of Og adsorbed on Si near saturation coverage: 
(a) (ref. 24); (b) (ref. 18); (c) (ref. 23) 
56 
peaks. Their relative intensities, however, may be different due to 
screening effects, with the dipole selection rule suppressing cërtain 
modes and enhancing others. In an earlier work^^ Bell et al. assigned 
the three bands to the rocking, bending, and asymmetric stretch in Ge02 
and Si02. However, due to the larger mass ratio between Ge and 0 as 
compared to Si and 0, the assignment for Ge02 is better defined and less 
band overlap occurs. For the following interpretation of our 
experimental results we use only the asymmetric stretch mode. 
Figure 4.14 shows the spectra of Ge(lll) exposed to a) lOL, b) 
lOOL, c) lOOOL, and d)10^L O2. The intensity of the asymmetric stretch 
mode increases with exposure and the loss frequency shifts from ~98 meV 
at lOL to -106 meV at 10^ L. An increase in the frequency of the 
asymmetric stretch was also seen in bulk IR measurements of GeO* films 
for increasing x.** Figure 4.15 shows these IR measurements. These 
measurements show an approximately linear variation in the asymmetric 
stretch frequency with x. This increase was attributed to an increase 
in the average bond angle of the Ge-O-Ge bridges as the oxidation state 
increases. This is probably the reason for the shift in the asymmertic 
stretch mode in the HREELS spectra as well. No nonlinearity in the 
intensity of the peaks as a function of coverage characteristic of 
dipole-dipole coupling was observed (see Chapter 2). 
The IR measurements in a-Ge:(H,0) films show that the asymmetric 
stretch mode of the Isolated bridge Ge-O-Ge configuration appears at 93 
meV.41 This mode appears at 106 meV in the "near-neighbor" Ge-O-Ge 
configuration in v-Ge02.^^ In the HREEL spectra of Ge(lll) the 
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Fig. 4.14 The HREELS of Ge(lll) at Ep = 5 eV exposed to O2 at 300K: 
(a) lOL; (b) lOOL; (c) lOOOL; (d)lO^L 
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Fig. 4.15 IR spectra of GeO^ films, 0Ç(<1 (réf. 
(2) x=0.2; (3) x=0.45; (4) x=0.6; (5) 
49)5 (1) x=0; 
x=0.8; (6) x=0.85 
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respective vibrational modes show up at 98 and 112 meV. Although the 
shifts of the asymmetric mode with increasing coverage are small, they 
are reproducible and consistent. Thus, it appears that for an exposure 
of lOL the dominant oxidation state is +1, i.e., an isolated Ge-O-Ge 
configuration. The oxidation state then gradually changes (as the 
number of bonded oxygen atoms increases) to a mixture of +2 and +3 at 
the lO^L exposure. The presence of a +3 oxidation state is supported by 
measurements following consecutive H adsorption, as discussed below. 
This interpretation is consistent with recent photoemission 
studies^S of O2 adsorbed on Ge(lll) which showed that +1 and +2 
oxidation states dominate at exposures below 1000 L and that the +3 
oxidation state dominates above 3000 L. The photoemission results of 
ref. 27 are reproduced in Fig. 4.16. The spectrum shows the Ge 3d 
photoelectron spectrum of Ge(lll) after subtraction of the 36^/2 
component. This leaves only the 3dg/2 component and makes it easier to 
discuss the observed shifts. The large peak at the right corresponds to 
bulk electrons (no chemical shift) and is taken to be the zero of the 
scale. The top trace is the spectrum of the native oxide. Here the +4 
oxidation state dominates. The second trace shows the photoelectron 
spectrum of the adsorbed oxide annealed to 400"C. Here the +2 oxidation 
state dominates. This makes sense since the oxide is known to desorb as 
Ge-0 which is in the +2 oxidation state. The bottom four traces show 
the clean surface spectrum and the spectra of the surface exposed to 
lOOL, lOOOL and 3000L O2. The +3 state is seen to dominate at high 
exposures. In another study, however, the results presented in ref. 27 
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Fig. 4.16 Photoemission results of the room temperature oxidation 
of Ge (ref. 27); see text for details 
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were not reproduced, and only a weak +3 oxidation state on Ge(lll) was 
observed.34 our results tend to support a dominant +3 oxidation state. 
Atomic hydrogen was also used to probe the oxidation states. 
Figure 4.17a shows the spectrum of the disordered surface pre-exposed 
to lO^L O2 followed by an exposure to atomized 200L H2. This exposure 
resulted in saturation coverage of the Ge-H monohydride at the clean 
surface. For comparison the loss spectrum of a surface exposed to 
hydrogen only is shown in Figure 4.17c. The losses at ~70 and -247 meV 
are the Ge-H wagging and stretch modes, respectively, of the isolated 
Ge-H bond. The -140 meV mode is probably an overtone of the -70 meV 
loss. In addition to the 247 meV isolated Ge-H stretch mode, a loss at 
-255 meV appears on the pre-oxidized surface (Fig. 4.17a). This shift 
is indicative of a +1 oxidation state with a H-Ge-O-Ge bonding 
configuration.Figure 4.3 shows this shift for the case of one near-
neighbor oxygen atom. Figure 4.4 shows a possible bonding configuration 
that would give rise to this shift. The relatively intense loss at 247 
meV indicates that a large fraction of Ge-H bonds are still isolated, 
i.e., do not have a near-neighbor oxygen atom. This may indicate a 
relatively high density of surface dangling bonds and/or deeper 
penetration of the oxygen and hydrogen at the disordered surface 
surface. Figure 4.17b exhibits the HREEL spectrum of a pre-oxidized 
Ge(lll) surface (lO^L O2) exposed to 200L H2 (atomized). The Ge-H 
stretch mode is shifted to -267 meV indicating the presence of the +3 
oxidation state^® and a low density of Isolated Ge-H bonds. The 
existence of a +3 oxidation state at the Ge(lll) surface is a result of 
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Fig. 4.17 The HREELS spectra at Ep = 5 eV of: (a) a-Ge pre-exposed 
exposed to lO^L O2 followed by atomized 200L H2; (b) Ge(lll) 
pre-oxposed to 10^ followed by atomized 200L H2. (c) a-Ge 
exposed to atomized 200L H2 
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oxygen bonding to surface and subsurface Ge atoms. Again Fig. 4.3 shows 
this shift, and Fig. 4.4 shows a possible bonding configuration. Oxygen 
seems to penetrate deeper into the amorphous material creating a dilute 
Ge-O-Ge bridge structure and leaving the surface available for 
subsequent hydrogen bonding. Higher oxygen exposures may saturate the 
surface dangling bonds; however, for exposures higher than lO^L O2, 
other contaminants could not be avoided. 
An oxide layer consisting of a dominant +4 oxidation state cannot 
be produced by O2 adsorption at room temperature. The asymmetric loss 
peak at 112 meV typical of the native oxide and v-GeO^ (see Fig. 4.11b) 
was never observed for exposures of up to 10^ L at 300 K. This is 
similar to the behavior of Si.^* 
Broughton et al.^^ have found that a peak appears at 115 meV on 
GexSii_x alloys exposed to IL water at 150K and then warmed to room 
temperature. They have hypothesized that this is due to a surface oxide 
or suboxide. Our result that the maximum asymmetric stretch energy for 
oxygen adsorbed on Ge was 106 meV does not support this. Oxygen 
adsorbed on Si causes a peak at around 126 meV, and so it is unlikely 
that it is a Si-0 mode. A more likely interpretation is that of Papagno 
et al.9 who claim that it is the Ge-OH bending mode. 
The disordered surface was also studied with valence band and core 
level EELS. Figure 4.18 shows the EEL spectra of the clean and oxygen 
covered a-Ge surface at Ep=110 eV. As can be seen, the oxygen induced 
peak at ~7 eV increases with coverage, similar to observations on single 
crystals.36,50 At Ep=110 eV, the surface plasmon at 10 eV remained 
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Fig. 4.18 EELS of clean and oxygen covered a-Ge at Ep=110 eV 
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unchanged following oxygen chemisorption. This behavior is unclear, 
since on single crystal surfaces,^  reduction in the surface 
plasmon was observed as was the case in a-Ge at higher Ep values. The 
15-eV loss peak is the bulk plasmon, and the -30 eV loss results from a 
single electron transition from Ge 3d core levels. In Ge(lOO) and 
Ge(lll), this transition is to empty dangling bond surface states, and 
indeed this loss diminishes and eventually disappears following exposure 
to various adsorbates.^l'^Z j,, addition, several other well-resolved 
loss peaks are observed on single crystals in the 29 to 35 eV range. 
These additional losses result from transitions from the Ge 3d levels to 
the conduction band.51»52 In the amorphous samples the 30-eV loss is 
broad and only slightly affected by adsorbates indicating the presence 
of a high density of additional energy levels in the vicinity of the 
dangling bond surface states. These states, evidently, do not 
participate in oxygen bonding at the surface. 
HREELS studies of oxygen adsorption on the previously described 
a-Gei_xCx:H films show similar results. Deeper penetration of the 
oxygen results in a dilute bridge configuration and lower oxidation 
states relative to similarly exposed single crystal surfaces. This 
conclusion is supported by Auger and electronic EELS measurements (see 
below). 
The oxidation of a-Ge^.^C^iH films was also studied using valence 
band and core level EELS. An oxygen induced loss peak appears at 7 eV 
as was the case for a-Ge:H and single crystals of Ge. However, this 
loss appears to be enhanced as the carbon content of the film increases. 
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This effect can be seen In Fig. 4.19 where the EEL spectra of three 
samples containing various amounts of carbon at a constant surface 
coverage are shown. On Ar^ sputter-etched a-Ge^_jjCjj:H surfaces a peak 
appears at 8 eV for 0.24<x<p.5.40 This peak was attributed to a Ge-C 
induced loss since it is absent in both a-Ge:H and a-C:H. The increase 
in the 7-eV loss relative to the bulk plasmon could be the result of a 
combination of the oxygen induced loss and this Ge-C bond induced loss 
which increases with the carbon content. However, the relative narrow 
width of the 7-eV loss argues against the above explanation. The 8 eV 
Ge-C induced loss could not be resolved from the n-plasmon induced loss 
which appears at ~5 eV in a-Gej_j{Cjj:H films with x>0.25.^^ However, the 
narrower oxygen induced loss was clearly observed in films with x«0.5 
(the highest x value used in this study). As of now, the exact origin 
of this enhancement is unknown. 
Figure 4.20 exhibits the oxygen content as a function of oxygen 
exposure for a-Ge, a-GcQ çCq jtH, a-GeoygCg 24*8, and a-Geo.67^0.33''^* 
This figure is used to compare the behavior of the various samples 
towards oxygen exposure, although the sensitivity factors may change as 
X changes. The 0(KLL)/Ge(LMM) and O(KLL)/ Ge(MNN) ratios versus 
exposure in a-Ge show the same qualitative behavior. In Fig. 4.20 the 
Ge(LMM), O(KLL), and C(KLL) Auger transitions were used to calculate the 
composition. It appears that the Ge/C ratio in the clean alloys is not 
affected by ion etching. As can be seen, the behavior is similar for 
all films, despite the significant reduction in the Ge content in the 
alloys. In addition, saturation was not reached up to an exposure of 
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Fig. 4.19 EELS of oxygen exposed (~ 500L) a-Gei_xCx:H (x = 0, 0.1, and 
0.33) at Ep=110 eV 
68 
4 
3 
2 
1 
200 400 800 600 0 1000 
OXYGEN EXPOSURE (L) 
Fig. 4.20 Oxygen coverage as a function of O2 exposure for a-Gej .^J^Cj^zH J 
•: x=0, 6; x=0.1, o: x=0.25, O; x=0.33 
69 
lOOOL O2, and the coverage appears to continue to increase gradually 
following an initial sharper increase. Samples left in the vacuum 
chamber for long periods indicated a much higher level of C and 0 
contaminations. The similarity in coverage versus exposure behavior of 
a-Ge and the alloys suggests that exposure of a-Ge to Og up to lOOOL 
results in submonolayer coverage. In addition, the presence of carbon 
does not seem to alter the sticking coefficient. The fact that the 
surface is only partially covered even for high exposure tends to 
support the HREELS results. It should be noted that carbon bonds in the 
alloy appear to be nonreactive. There is no evidence of C-0 bonds in 
HREEL spectra following exposure to O2 molecules. Previous studies^^'^O 
and the present one similarly indicate that C atoms do not react with 
hydrogen atoms. Surfaces of amorphous carbon (x=l) were also 
nonreactive and indicated a very low sticking coefficient for oxygen in 
comparison to the Ge surfaces. 
No change in the Ge(MW) Auger line shape was observed following 
oxygen dosing, whereas a hydrogen induced broadening was previously 
observed.39 The lack of shift in the Ge(MW) transition in oxygen 
covered surfaces may indicate low oxidation states (mainly +1) where the 
core-level shifts lie within the resolution of the experiment. This is 
in agreement with the conclusions drawn from HREELS experiments. 
The main results of the oxygen adsorption experiments are now 
summarized. The HREELS experiments indicate for oxygen adsorption on Ge 
at room temperature, a dissociative bonding of oxygen and a Ge-O-Ge 
bridge structure. Near saturation the Ge(lll) surface forms a +3 
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oxidation state. The disordered surfaces, including the carbide films, 
tend to form a dilute bridge structure and a dominant +1 oxidation state 
for similar exposures. No evidence of C-0 bonding was observed in the 
carbide films following exposure to oxygen. 
D. NO on Ge 
Figure 4.21a shows the loss spectrum of Ge(lll) exposed to lO^L NO. 
Losses are observed at about 62, 100, and 193 meV. The 62 meV loss is 
the bending mode of the Ge-O-Ge structure. The 100 meV loss is ascribed 
to the Ge-O-Ge asymmetric stretch mode with some contribution from a Ge 
nitride precursor as later described. The peak at -193 meV is probably 
an overtone of the 100 meV loss. The frequency and intensity of the 100 
meV loss are lower than those of the surface exposed to 10^ to 10^ L O2. 
The lower frequency of 100 meV suggests a lower oxidation state (mainly 
+1) at the NO-exposed surface as compared to the C^-exposed surface 
where the +3 oxidation state dominated. The lower intensity is 
consistent with the relatively lower oxygen content as revealed by Auger 
analysis. The HREEL spectrum of Ge(lll) exposed to lO^L NO is identical 
to that of the surface exposed to lO^L NO. This may indicate that the 
surface is saturated, although a direct correlation between coverage and 
intensity does not necessarily exist.Also, when the Ge(lll) surface 
is exposed to lO^L NO and then to lO^L O2, the intensity and the 
position of the 100 meV loss are retained. Similar to that of the O2-
exposed surface,the electronic loss spectrum (not shown) indicates 
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Fig. 4.21 The HREELS of Ge(lll) at Ep = 5 eV: (a) surface exposed to 
lO^L NO at 300K; (b) lO^L NO-exposed surface annealed at 550®C 
for 30 rain; (c) surface exposed to N2 passed through a 
differentially pumped ion gun; (d) N-exposed surface heated to 
550°C 
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only an oxygen related loss at ~7 eV. Yet Auger analysis following 
exposure of Ge(lll) and a-Ge to NO indicates the presence of both N and 
0 on the surface. The oxygen and nitrogen concentrations are equal, 
within experimental error, at the lower exposures (^lO^L). At higher 
exposures oxygen contaminants increase the total oxygen content. These 
contaminants are present due to the use of the turbo-molecular pump as 
described in the experimental section. Nitrogen related losses are not 
resolved from those of oxygen as described below. The HREELS 
experiments do not show any losses related to molecular NO or to 
nitrosyl complexes. The same behavior was observed for NO/Si(lll) at 
room temperature.31 However, the presence of bonded, dipole inactive, 
molecular species cannot be ruled out. 
These results indicate that at 300K NO dissociates, and N and 0 
bond primarily at the first layer of Ge atoms. Oxygen penetration, 
necessary for creating the +3 oxidation state, does not occur, in 
contrast to observations at Ge(lll) exposed to O2. The presence of N 
and 0 atoms at the Ge(lll) surface, for coverages close to or at 
saturation, prevents oxygen penetration. The situation is somewhat 
different at the disordered surface. The increase in the loss intensity 
following exposure to lO^L NO indicates that the surface is not yet 
saturated, contrary to the similarly treated Ge(lll) surface. Still, 
the loss at ~100 meV indicates a predominant +1 oxidation state 
suggesting dominant surface bonding of N and 0. This behaivor is 
probably due to a higher density of dangling bonds at the amorphous 
surface. Exposure of the disordered surface to lO^L NO and then to lO^L 
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02 results in an increase in the intensity of the Ge-O-Ge vibrational 
modes but no shift in the energy loss of the asymmetric stretch mode. 
This is consistent with the description of a high density of surface 
dangling bonds and deeper penetration of oxygen at the disordered 
surface. The NO-covered disordered surface also seems to be more 
reactive to water impurities. Figure 4.22 shows the spectrum of the 
disordered surface exposed to lO^L NO at high background pressure. Note 
the high presence of N-H and 0-H stretch modes at 410 meV and 450 meV, 
respectively. Also note the absence of a Ge-H mode at 247 meV and the 
absence of Ge-OH modes. This is probably due to the fact that the Ge 
bonds have been saturated with N and 0 atoms, leaving these atoms to 
react with the water. As mentioned in the Introduction to this chapter, 
clean, single crystal surfaces of Ge do not react with water at room 
temperature. 
Figure 4.21b exhibits the loss spectrum of the lO^L NO-exposed 
Ge(lll) surface after annealing to 550*C for 30 minutes. As previously 
mentioned in the experimental section, oxygen is removed from the 
surface by this treatment. The HREEL spectrum shows three losses at 50, 
80, and 107 meV. We attribute theses losses to vibrational modes of 
germanium nitride by comparison with IR spectra of a- and gkGegN^.^* 
This comparison Is shown in Fig. 4.23. This assignment parallels that of 
similarly treated 81(111)31 where very similar peaks were found to 
coincide with the IR spectra of a- and fkSlgN^.^S This comparison is 
shown in Fig. 4.24. The electronic EEL spectrum of the heated lO^L NO-
exposed sample is similar to that of the clean surface with Auger 
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Fig. 4.22 HREELS of a-Ge exposed to lO^L NO at high background pressure 
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Fig. 4.23 A comparison of IR spectra (ref. 54) and HREEL spectra: (a) 
IR spectrum of g-GegN/^; (b) IR spectrum of a-Ge^N^^; (c) IR 
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Fig. 4.24 A comparison of IR spectra (ref. 55) and HREEL spectra: (a) 
IR spectrum of g-SigN^; (b) IR spectrum of a-SigN^; (c) IR 
spectrum of a-SigN^ film; (d) HREELS of nitrogen modes on 
Si(lll) (ref. 25) 
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analysis shoving -2% nitrogen present. This behavior is addressed 
later. 
The nitride phase can also be formed by exposure of the Ge surfaces 
to atomized and ionized N2 and subsequent annealing to ~550*C. Nitrogen 
atoms and/or ions are needed because the Ge surfaces are very non-
reactive toward molecular nitrogen at room temperature. Figure 4.21c 
shows the spectrum obtained by exposing the surface to nitrogen passed 
through a differentially pumped ion gun. This figure shows that 
nitrogen is bonded initially in a precursor state, indicated by the peak 
at 95 meV. The structure of this prëcursor Ge nitride is unknown. This 
peak is unresolved from the Ge-O-Ge asymmetric stretch loss at the NO-
exposed surface. The HREEL spectrum of the N-exposed surface is shown 
in Fig. 4.21d. Note that the peak positions and relative intensities 
are identical to those of the NO-exposed and annealed surface. This 
supports the idea that the precursor state transfers into the nitride 
bond after annealing. After annealing, the integrated intensities of 
the loss peaks of the N-exposed surface are roughly twice that of the 
NO-exposed surface. This makes sense since exposure to NO results in 
only half coverage at saturation for both N and 0, while exposure to N 
results in full coverage for N at saturation. Similar behavior was 
reported for Si(lll).^^ Here the precursor appeared at 102 meV. 
Silicon, however, passed through an intermediate state when annealed 
between 1240K and 1350K, and a relatively complex HREEL spectrum was 
obtained with peaks at 60, 91, 120, and 141 meV. Above 1350K the HREEL 
spectrum shows the structure of silicon nitride. Germanium has not been 
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observed to pass through this intermediate state although it may exist 
in a very narrow temperature range. 
E. NgO on Ge 
In contrast to NO, Auger analysis of N^O-exposed Ge surfaces reveals 
the presence of surface oxygen only. This indicates that N2O decomposes 
at the surface into chemisorbed oxygen and desorbed N2. The HREEL 
spectra for exposures of up to lO^L exhibit the 98 meV asymmetric 
stretch mode of Ge-O-Ge indicating a predominant +1 oxidation state. 
This is probably a result of bonding mainly at the top surface layer, in 
accordance with bonding of atomic oxygen from N2O to the top surface 
layer of Ge(lOO).^^ Saturation coverages are not achieved for exposures 
as high as lO^L. Subsequent exposure to lO^L O2 results in the +3 
oxidation state at Ge(lll), whereas the oxidation state remains +1 at 
the disordered surfaces. This is consistent with the behavior of the 
two surfaces as discussed earlier. The reactivity of the disordered 
surface towards N2O is higher than that of Ge(lll). This suggests that 
the decomposition of N2O is enhanced by an increased density of dangling 
bonds and surface defects. Heating the surfaces to 550"C produces a 
featureless HREEL spectrum indicative of a clean surface. This 
indicates the absence of bonded nitrogen and, thus, supports the results 
of the Auger analysis. Previous studies^^ using differential 
reflectometry of N2O on Ge(lOO) indicated that the atomic oxygen 
released from N2O bonds primarily to surface Ge atoms at dangling bonds 
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and dimer sites. This behavior is similar to N2O adsorption at 
Si(100).57 
F. Activated Og, NO, and N2O on Ge 
As previously mentioned in the experimental section, experiments in 
the Auger system had to be performed with the ion pump disconnected to 
avoid activation of NO, N2O, and N2. If, however, the surfaces are 
exposed to these molecules while pumping with the ion pump instead of 
using the turbo-molecular pump, a different behavior than earlier 
described is observed. Nitrogen is detected at the surfaces following 
exposure to N2 and N2O, in contrast to previously reported observations 
at Ge(100)35 and Si(lOO).^^ In addition, the surfaces' reactivity 
towards NO and N2O increases. The oxygen content is higher than that 
originating from similar exposures of O2, but smaller by a factor of 2 
to 3 from the nitrogen content. Using the activated species therefore 
enables the identification of the nitrogen-related losses in the 
electronic loss spectrum. We can also learn about the nature of the 
bonding. 
Figure 4.25a shows the electronic EELS of clean Ge(lll) at Ep=185 
eV. The main losses are at about 5, 9, 15, and 30 eV. The 5-eV loss 
results from valence band to conduction band transitions. The 9- and 
15- eV losses are the surface and bulk plasmons, respectively. In other 
studies, losses in the range 29-35 eV with Ep=100 eV were attributed to 
transitions from 3d core levels to the conduction band with a loss at 
80 
M 
§ 
rû 
k (d 
H N 
% M N 
"Xl T3 
clean 
496 0 
50 40 30 20 10 0 
Energy Loss ( eV) 
4.25 Electronic EELS of Ge(lll) at Ep = 185 eV; (a) clean surface 
(b) surface exposed to activated 750 L N2O; (c) activated N2O 
exposed surface heated to 500°C for 3 minutes 
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-30 eV resulting from transitions to empty dangling bond surface 
states.51*52 Fig. 4.25a, the 30-eV loss at Ep=185 eV also contains 
contributions from this latter transition (see belôw). Exposure of 
Ge(lll) to 750L activated N2O results in the loss spectrum shown in 
figure 4.25b. Auger analysis reveals 4% oxygen and 12% nitrogen. As 
can be seen the 30-eV loss is resolved from the 33-eV loss that is 
associated with excitations from 3d core levels to the conduction 
band.51/52 o^r higher exposure (not shown) the 30-eV loss is clearly 
diminished. The surface plasmon decreases and a new loss at 6 eV 
appears. This new loss is unresolved from the 5-eV loss of the clean 
surface. Upon heating the surface to -550*C for ~3 minutes the oxygen 
desorbs whereas the nitrogen content remains unchanged ( -0.4-0.5 of the 
saturation coverage). The loss at ~9 eV increases and the 6-eV loss 
reduces and shifts to ~5 eV (Fig. 4.25c). Note that the 5-eV loss is 
now more intense than that of the clean surface. This spectrum is 
similar to that obtained for the activated N^-exposed surface, except 
that the coverage, and therefore the intensity, of the loss peaks are 
lower for similar exposures. These results indicate that the new loss 
at ~5 eV is nitrogen-related. This loss can not be uniquely identified 
in the presence of oxygen. Also, it cannot be observed for low nitrogen 
coverage due to the 5-eV loss seen in the loss spectrum of the clean 
surface (see figs. 4.25 and 4.26). The clear reduction of the 30-eV loss 
at higher coverages suggests that the nitrogen bonds to surface dangling 
bonds that are associated with this loss, as is the case for oxygen, 
carbon, and other contaminants on Ge(lll).51 
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Fig. 4.26 Electronic EELS of a-Ge at Ep = 185 eV: (a) clean surface 
(b) surface exposed to activated 500L NO 
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Figure 4.26 shows the EELS at Ep=185 eV of the clean a-Ge and of 
the surface exposed to 500L activated NO. Auger analysis reveals -11% N 
and -6% 0. The -30-eV loss here was believed to be the result of 
transitions from 3d core levels to the conduction band mainly,39 but as 
shown below transitions to empty dangling bond states also contribute to 
its intensity. As can be seen the 30-eV loss is reduced and resolved 
from the 33-eV loss following adsorption as is the case for Ge(lll). In 
addition, the surface plasmon is reduced and a new loss (unresolved from 
the 5-eV loss) appears at ~6 eV. The 6-eV loss is a combination of the 
oxygen (~7 eV) and nitrogen (~5 eV) induced losses. The same behavior 
is observed for Ep of 135 eV and for Ep of 110 eV. The reduction in the 
intensity of the 30-eV loss indicates that it is also associated with 
transitions from 3d core levels to empty dangling bond surface states. 
This reduction together with that of the surface plasmon is consistent 
with oxygen and nitrogen bonding mainly at the first layer of Ge atoms, 
probably to surface dangling bonds. Previous experiments^^ on a-Ge 
exposed to O2 and hydrogen atoms did not result in a decrease in the 30-
eV loss intensity, in contrast to observations at single crystal 
surfaces.50/51 This behavior was interpreted by suggesting that the 30-
eV loss at a-Ge contains only a relatively small contribution from 
transitions to empty dangling bond surface states. In addition, in the 
previous work,^? the surface plasmon intensity was retained at Ep=110 eV 
but reduced at higher Bp values. This reduction, however, was 
relatively small. The results presented in Fig. 4.26 indicate a 
reduction of the 30-eV loss at the a-Ge surface upon exposure to 
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activated NO. The observed difference between adsorption of O2, H, and 
NO suggests differences in surface coverage and may support earlier 
conclusions that oxygen originating from O2 penetrates into the 
amorphous surfaces, leaving an unsaturated surface,and thus an 
unaffected 30-eV loss. Hydrogen atoms may create dangling bonds by 
inducing the breaking of weak Ge-Ge bonds that are known to exist in 
a-Ge.39 in contrast nitrogen and oxygen from activated NO (as well as 
N2O) bond primarily at the first surface layer and terminate dangling 
bonds. Dissociation of molecular species at the top layer may explain 
the observed surface bonding. This conclusion was also drawn using non-
activated molecules from oxidation states derived from HREELS 
experiments and from consecutive exposures to NO and O2 molecules. For 
higher exposures a new loss at -10 eV appears. This may be a nitrogen-
related loss, as it is absent when the surface is exposed to O2. 
G. Mg2X Compounds 
The compounds Mg^Sn, Mg2Ge, and Mg2Sl are narrow-gap semiconductors 
that crystallize in the (cubic) antiflourite structure. They have band 
gaps at OK of 0.33, 0.74, and 0.77, respectively. They have three atoms 
per unit cell implying two sets of optical phonon branches. One set Is 
infrared active, and the other is Raman active. The IR active branch 
has been studied by McWilliams and Lynch^®. The Raman active branch has 
been studied by Buchenauer and Cardona^^. The IR-active modes are split 
by the Couloumb field into TO and LO modes. In high resolution electron 
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energy loss spectroscopy the electron couples to the Infrared active 
modes to form the so-called Fuchs-Kliever surface modes. Surface modes 
occur between the TO and LO modes and are given by equation (2.9): 
This is the so-called Lyddane-Sachs-Teller relation as applied to 
surface scattering. It will be used to relate the surface modes to bulk 
optical properties. 
Fig 4.27 shows the HREEL spectra of the native oxide of these 
compounds heated to 200*C to desorb any carbon contaminants. The 
surface optical phonons occur at 29, 32, and 40 meV for MggSn, Mg2Ge, 
and Mg2Si, respectively. Table 4.1 shows the optical data obtained by 
various groups. All data are from reference 58 except as noted. 
Table 4.1 Optical constants of Mg^X compounds 
Compound a>j.Q(meV) 
«g = «ro* 
G* + 1 
Mg2Si 
Mg2Ge 
Mg2Sn 
33 
26 
23 
41 
30® 
29® 
13.3 
13.9 
17.0 
^Reference 59. 
^Calculated. 
The surface optical phonon frequencies (rounded to the nearest meV) 
calculated from these data are 40, 30, and 29 meV for Mg2Si, Mg2Ge, and 
Mg2Sn, respectively. Because the optical constants are relatively large 
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Fig. 4.27 HREELS of native oxides of Mg2Sn, Mg^Ge, and Mg^Si 
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in magnitude, the surface phonon frequencies are very close to the 
longitudinal optical mode frequencies. 
The peak at 80 meV is assigned to the Mg-0 vibrational mode. This 
assignment is based on the fact that this peak is common to all three 
compounds. Also, a previous study^O of MgO single crystals shoved a 
surface optical phonon at 80.6 meV. A Si-0 mode occurs at 125 meV on 
the Mg2Sl surface. This is confirmed by oxygen adsorption experiments 
on the clean surface. The Ge-0 mode on Mg2Ge is unresolved from the Mg-
0 mode, but oxygen adsorption experiments on Ge would seem to indicate 
that it would be near 100 meV. The shoulder at 75 meV that occurs only 
on the Hg2Sn oxide is assigned to the Sn-0 mode. 
The HREEL spectra of the Mg^Si oxide for different primary energies 
is shown in Fig. 4.28. The increase in intensity of the 80 and 125 meV 
peaks with decreasing primary energy is consistent with the 
identification of these as oxide modes. The surface phonon which occurs 
at the oxide-crystal interface is more sensitive to higher primary 
energies. This is due to the fact that the probing depth of the 
electron increases with increasing primary energy. The oxide layer is a 
smaller fraction of the probed volume for higher primary energies. 
Figure 4.29a shows the HREEL spectrum of the native oxide of MggSi. 
This surface can be cleaned by IkV Ar(+) sputter-etching. The HREEL 
spectrum of this surface is shown in Fig. 4.29b. A high background and 
a poor resolution for the disordered surface result in only a shoulder 
for the surface phonon mode. Annealing of the surface to 600"C brings 
order back to the surface and a well-resolved surface phonon peak is 
Fig. 4.28 HREELS of native oxide of MggSi at varying incident energies 
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Fig. 4.29 HREELS of Mg2Si: (a) native oxide; (b) after sputter-etching; 
(c) after subsequent annealing 
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observed (Fig. 4.29c). Also visible is an anti-Stokes energy gain peak 
on the left side of the elastic peak. The ratio of intensities of the 
Stokes and anti-Stokes peaks agree closely with the Bose distribution 
g-hw/kT ^ multiple loss is also visible at 80 meV on an expanded 
scale. No noticeable shift is seen in the 40 meV surface phonon peak 
when going from the native oxide to the clean surface. This would 
indicate that screening by the oxide layer is negligible. 
Using the expression for the scattering probability F (eq. 2.12) we 
can calculate the theoretical value of the of the ratio of the scattered 
intensity to the elastic intensity. This can then be compared to the 
experimental value. The scattering probability integrated over solid 
angle is given by 
exp(hWg/kT) ne2 W Eq - 1 c„ - 1 
exp(h»g/kT)-l hvcos(0) ; V Eq + 1 e* + 1 
The theoretical value is calculated to be r=0.18 while the experimental 
value Iinelastic/Ielastic measured to be 0.15, giving fairly good 
agreement between theory and experiment. 
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V. SUMMARY 
In this work, vibrational and electronic EELS, as veil as Auger 
electron spectroscopy, vere used to study the interaction of O2, H, NO, 
N, and N2O vith Ge(lll) and disordered surfaces at room temperature. 
Activated NO, N^O, and N2 vere also used. These studies vere used to 
elucidate the effect of surface order on the adsorption process, to 
compare chemisorption of oxygen originating from different oxygen 
containing molecules, and to study nitrogen bonding. High resolution 
EELS studies of the narrov-gap semiconducting compounds Mg2Sn, Mg2Ge, 
and Mg2Si vere also done. 
It is found that molecular hydrogen (H2) does not react vith the Ge 
surfaces at room temperature. Atomic hydrogen (H), hovever, does react 
vith the surface, vith the characteristic peaks being the Ge-H vagging 
mode at 70 meV and the Ge-H stretch mode at 247 meV. The HREELS results 
also indicate preferential sputtering of Ge-bonded hydrogen from films 
of a-Gei_xCx:H. This is supported by Auger line shape measurements 
vhich show a change in the shape of the Ge(MW) transition folloving 
exposure to atomic hydrogen. A dissociation energy for hydrogen on Ge 
of 2.9 eV vas obtained by fitting the energy of the G-H stretch overtone 
to a Morse potential. 
Contrary to the results for molecular hydrogen, molecular oxygen 
(O2) is observed to react vith the Ge surfaces at room temperature. 
Results indicate that O2 dissociates and bonds at the Ge(lll) surface in 
the bridged configuration. Three peaks characteristic of this 
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adsorption were observed. The oxidation state increases from +1 to +3 
with increasing exposure at Ge(lll). The +3 oxidation state indicates 
oxygen bonding to surface and subsurface Ge atoms. Exposure of the pre-
oxidized Ge(lll) surface to hydrogen atoms results in a shift of the 
Ge-H vibrational stretch mode. The shift indicates the presence of the 
+3 oxidation state at high exposures. 
Mainly the +1 oxidation state is observed at the disordered 
surfaces. This may be due to a high density of surface dangling bonds 
and deeper penetration of oxygen which result in a dilute Ge-O-Ge (+1 
oxidation state) bonding configuration even at higher exposures. 
Exposure of the pre-oxidized a-Ge surface to hydrogen indicates the 
presence of a high density of isolated Ge-H bonds (i.e., no near-
neighbor oxygen) and the H-Ge-O-Ge bonding configuration. 
The NO molecules dissociate at Ge(lll) and the disordered surfaces, 
and N and 0 atoms bond primarily at the top surface layer. The oxygen 
is bonded in a bridge configuration, resulting in the +1 oxidation state 
only. Exposure of Ge(lll) to lO^L NO and then to oxygen indicates that 
chemisorbed N and 0 atoms prevent oxygen penetration. The nitrogen 
related loss peaks in the vibrational and electronic EELS are not 
resolved from the oxygen related losses. Upon heating the NO-exposed 
surfaces oxygen is desorbed and the nitrogen related losses in the 
HREELS are identified and attributed to the nitride bond. 
The reactivity of Ge surfaces toward N2O is very low. The N2O 
molecules decompose at the surface to chemisorbed oxygen atoms and to 
desorbing N2. The oxidation state is +1 up to an exposure of lO^L N2O. 
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The relatively higher reactivity of the disordered surfaces may indicate 
N2O decomposition at dangling bonds and surface defects. 
Unactivated molecular nitrogen (N2) is observed to be non-reactive 
with the Ge surfaces. Exposing the surface to nitrogen atoms and ions, 
however, enables the identification of the room temperature precursor Ge 
nitride state by HREELS. This state transfers into the nitride bond 
upon heating the surface to ~550°C. When the surfaces are exposed to 
activated NO, N2O, and N2, nitrogen and oxygen are detected in greater 
quantities. Nitrogen related losses are then identified in the 
electronic EELS. The decrease in the intensity of various loss peaks 
with increasing coverage indicates that bonding occurs primarily at the 
top surface layer at both surfaces. This is similar to bonding of 
atomic oxygen (NgO) to the top surface layer of Si(100) and bonding of 
oxygen originating from O2 to surface and subsurface atoms.28 
Surface phonon modes of the narrow-gap semiconducting compounds 
Mg2Sn, Mg2Ge and Mg2Sl were detected at 29, 32, and 40 meV, 
respectively. The native oxide of all three show a dominant Mg-0 mode 
at 80 meV. Probable Sn-0, Ge-0, and Si-0 modes are also identified. 
Complete removal of the oxide layer was accomplished only on the Ng2Si 
surface but resulted in no noticeable change in the energy of the 
surface phonon. Results are compared to the known bulk optical 
properties of these compounds. 
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VIII. APPENDIX A: 
DERIVATION OF THE SCATTERING PROBABILITY 
In order to achieve an understanding of the physics behind the 
scattering mechanism, the scattering probability for surface phonons 
will be derived. First, a very general derivation of the distribution 
of scattered states will be given. This is based on material from 
Merzbacher.61 This will lead to the Poisson distribution. Second, the 
actual scattering probability will be derived. This is based on a 
derivation given by Mahan.*^ 
The effect of the incident electron on an oscillator at the surface 
can be understood in terms of an external time dependent force F(t) that 
is independent of the oscillator displacement q. The Hamiltonian for 
such a system then has the form 
H = — + -y» q - qF(t). (A.l) 
2M 2 
This can be written in terms of the usual creation and annihilation 
operators of the harmonic oscillator as 
H = hw(aia + %) + f(t)(a + ai), (A.2) 
where 
f(t) = -
h 1 % 
•F(t). (A.3) 
The equation of motion for the operator a is given by the Helsenberg 
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equation 
da(t) 
ih = [a(t),H(t)] = h«a(t) + f(t) (A.4) 
dt 
or 
da(t) i 
+ iwa(t) = - ~f(t). (A.5) 
dt h 
The force f(t) is nonzero only during a finite time interval tj<t<t2 
when the electron is near the surface. We note that before and after 
the interaction with the electron the system is described by the 
harmonic oscillator states |n>y and |n>g respectively (b for before and 
a for after), which are eigenstates of the "free" harmonic oscillator 
Hamiltonians 
Hy = hw(ayiay + %) for t<ti, (A.7) 
Hg = hw^agiag + %) for t>t2. (A.8) 
The operators ay(t) and ag(t) are solutions of the homogeneous equation 
da(t) 
dt 
+ iwa(t) = 0 (A.9) 
for t<ti and t>t2 respectively. 
A particular solution to the inhomogeneous equation can be written 
as 
r+oB i 
a(t) = 
hj 
G(t - t')f(t')dt', (A.10) 
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where the Green's function G(t - t') is the impulse response of the 
system; 
dG(t - t') 
dt 
+ lwG(t - t') = S(t - t'). (A.11) 
For t*t' the Green's function is proportional to e'l^^t-t')^ but at t=t' 
there is a discontinuity of the order of a step function %(t). Two 
Green's functions which satisfy these conditions are 
Ga(t - t') = h(t - t')e-iw(t-t') (A.12) 
and 
GA(t - t') = -n(t' - t)e-iw(t-t'), (A.13) 
where Gg is the retarded Green's function and G^ is the advanced Green's 
function. The retarded Green's function coincides with the 
complementary solution to the homogeneous equation 8^(1), and the 
advanced Green's function coincides with the solution a^^Ct). Plugging 
in the Green's functions to (A.9) and combining the complementary and 
particular solutions, we get the following final solutions: 
ift 
a(t) = ay(t) - -
hJ-« 
e-i"(t-t')f(t')dt' (A.15) 
and 
i 
a(t) = aa(t) + -
hj 
e-i"(t-t')f(t')dt'. (A.16) 
t 
Equating the two equivalent solutions gives a relation between ay(t) and 
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a.(t): 
1 r+" 
aa(t) = ab(t) - - (A.17) 
hj-= 
The solutions to the homogeneous equation have the normal time 
dependence 
ay(t) = aye'lwt and aa(t) = a^e"^"^. (A.18) 
Plugging these into (A.16) we get 
a^ = ay + r(«), (A.19) 
where 
i 
r(w) = - — 
h. 
'+00 
e-lwt'f(t')dt'. (A.20) 
The function r(») is essentially the Fourier transform of the force 
f<t). 
We wish to find the probability of finding the system at t>t2 in 
the nth eigenstate of if the system was in the ground state |0>y of 
Hy at t<ti. This is given by 
fn = la<o|0>bl'' (A 21) 
In order to do this we must find a unitary operator relating the two 
sets of states. This unitary operator will satisfy the relations 
= siays (A.22) 
and 
=a 
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|n>a = si|n>b. (A.23) 
As a direct consequence of the commutation relations between a and ai, 
[a,ai]=l, and using the well known operator identity 
e^Be-A = B + [A,B] + (1/2I)[A,[A,B]] + • • • ,  (A.24)  
the following relation is seen to hold true: 
exp(«a-aai)'a exp(-aa+aai) = a + a. (A.25) 
Letting a=r((o) and comparing equations (A.19), (A.22), and (A.25) we 
find that the the transformation we are seeking has the form: 
S = exp[r(w)a-r(w)ai)]. (A.26) 
The amplitude a<n|0>y = y<n|s|0>y for transition from the ground state 
of Hy to the nth eigenstate of then takes the form 
y<n|e[r(w)ai-r(w)a]|o>^, (A.27) 
In order to solve this we make use of the identity 
eA+B ^ eAgBg-%[A,B]p (A.28) 
which holds for any operators A and B that commute with their 
commutator. The amplitude then becomes 
a<n|0>y = y<n|er(w)&^«e"r(w)a.e"%[r(w)]2|Q^^ (A.29) 
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= e-%[r(w)]2.^<n|gr(w)a1|o>^ (A.30) 
= e-%[r(w)]2.y<n| (l  + r(»)ai + (l/2l)[r(w)a1]2+ ••• }|0>b (A.31) 
= e-%[r(w)]2(n|)-%[r(w)]n. (A.32) 
Here we have made use of the fact that a|0>=0, the property of the 
creation operator (a"!)"(0>=(nl)^|n>, and the orthonormality property of 
the harmonic oscillator eigenstates. The probability for transition 
from the ground state to the nth excited state is given by the square of 
the amplitude: 
9 |r(w)|2n 
Pn<«) = la<n|0>b|2 = e-ir(w)I . . (A.33) 
n! 
This is the Poisson distribution. We define the quantity Q=r^ as the 
average number of modes that are excited. Note that Q is the ratio of 
the 1st order loss (Pj) to the 0th order loss (elastic peak). 
In order to get the form of the scattering probability Q we cast 
the Hamiltonian into a different form: 
« = «oe + "os + Hi (A.34) 
where is the energy of the electrons, is the energy of the 
surface modes, and is the energy of interaction between the two. The 
energy of the surface modes has the form 
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"os = + %) (A. 35) 
Here we allow for different k values. The interaction term has the 
form: 
Hi = ^(rkelk'Pe-k|z|(ak + a^i) (A.36) 
Note the similarities to (A.2). This form of the interaction term also 
has the linear combination of the operators a and a-|. Again we have 
allowed for a k dependence. The spatial dependence is demanded by 
Laplace's equation (see Chapter 2), and the constant is called the 
coupling constant. 
First we must find the form of the coupling constant Fj^. To do 
this we place the electron at rest some distance z above the surface. 
The first term, H^g is zero and we have 
H = I^hWgakiak + Fkeik'Pe-k|z|(ak + a^i)] (A.37) 
Here we have dropped the constant Hi term in H^g for simplicity. This 
Hamiltonian may be diagonalized by completing the square: 
p. 2 
H = E(hWgaj^'laj^ - -—e~^'^l^l), (A.38) 
r 
®k ~ ®k + —-e"lk'Pe"k|z|. (A. 39) 
hMg 
The last term gives the image potential self-energy of the electron: 
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2 
- E ^-2k|z| . k-^-Zklzl . _i_. r2iikdk^-2k|z|. (A.40) 
^ hWg (2n)2 J MWg (2n)2 hWg 
Here the term A/ (2n )^  gives the density of levels per unit area k-space, 
where A is the normalization area. The image potential for an insulator 
has two contributions, the contribution from surface optical phonons and 
the contribution from high frequency electronic excitations.The 
total static image potential has the form*^ 
e2 Eg - 1 
Vtotal = • (A.41) 
4z Eq + 1 
The contribution from high frequency electronic excitations has the form 
6% G* - 1 
^electronic ~ ~ (A.42) 
4z e„ + 1 
Since the total potential is the sum of the electronic and surface 
phonon potentials, the contribution from the surface optical phonons is 
given by 
e^/ Cq - 1 Coo - 1 \ 
^SO phonons ~ I ~ )• (A.43) 
4z\ Gq + 1 Gm + 1 / 
We set this term equal to the expression for the self-energy given above 
and solve for Tj^. 
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A 
^2 . 
0 
Noting that 
<2n)2 
• . t< fiJli. _ !:zi ]. (a.«) 
J h»- 4z^ e_ + 1 e» + 1 / 
œ 
jdxe"®'' = -, 
J a 
(A.45) 
we can see that the coupling constant has the form 
ae^hw» / e„ - 1 c„ - 1 
Ak I eu + 1 8m + 1 ' 
(A.46) 
Now, instead of fixing the z position in space, we let the particle 
move in the z direction towards the surface, z(t)=vt, with z(t=-")=-". 
The equation we need to solve then has the form: 
3 
ih—Y(t) = Hi(t)Y(t) (A.47) 
at 
= ^Tkek|z(t)l(akexp(iWgt) + aj^'texp(-i«gt))Y(t). (A.48) 
Integrating, we find that 
Y(t) = exp[-i^(Ik(t)ak + Ik*(t)ak1jY(-»), (A.49) 
pt rj^exp(vkt + iWgt) 
Ij^(t) = dt'exp(kvt')exp(i«gt') = . (A.50) 
J-" h(vk + iWe) 
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Y(t) may be rewritten using (2.37) as 
f(t) . ^kxp(-%|lk(t)|2)exp(-iIk*aki)exp(-iIkak)Y(-=') (A.51) 
= nexp[(-%)|lk(t)|2)exp(-Ik*ak1)|0>, (A.52) 
where we have used the fact that a]^|0>=0. The average number of surface 
modes for a given z value is then given by 
N(z) = j[<Y|akiak|y> = ^|lk(t)|2 = -£^.|d2k|lk(t) |2 (A.53) 
* poo g2kz(t) 
(2n)2 
A p" ne^hWg / e_ - 1 s* - 1 \ e2kz(t) 
2iikdk : —. (A.55) 
(2n)2 Jo Ak \ Go + 1 G* + 1 / (Wg2 + v2k2) 
We now make the substitutions u=vk/«g and x=-2zWg/v. 
/ e- - 1 e„ - 1 \ p" due""* 
N(-2zWg/v) = • —. (A.56) 
2hv I + 1 s. + 1 / Jo (1 + u2) 
The integral is solveable numerically. Of particular importance is its 
value of n/2 at z=u=0. This will enable us to calculate the number of 
surface modes excited by a charge starting at x=-= and ending up at z=0. 
The total number of modes for a particle going from infinity to the 
surface and back to infinity is twice this number. We then get for the 
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scattering probability 
ne2 / Go - 1 e» - 1 
) •  (A.57) 
Eq + 1 e„ + 1 
This scattering probability was derived assuming normal incidence 
at TmO. Correction factors to account for nonnormal incidence and 
finite temperature are l/cos0 and l+ng(T), respectively, where ng(T) is 
the Bose factor. The cos9 factor comes about because ve want only the 
normal component of the velocity vcosG in the denominator. The l+ng(T) 
factor comes about because of the occupation of excited states at non­
zero temperature. The so-called Stokes peak involves the creation of a 
phonon and subsequent energy loss by the electron. The anti-Stokes peak 
involves the annihilation of a phonon and subsequent energy gain by the 
electron. Both the creation and annihilation of phonons involve 
harmonic oscillator creation and annihilation operators whose matrix 
elements (connecting adjacent states) are proportional to (n+1)^ and 
(n)"^, respectively. We thus have 
I(n+1) a |<n+l|an|n>|2 an + 1, (A.58) 
(A.59) 
If the system is in thermal equilibrium, then we have 
Ill 
exp(ïlWg/kT) 
I(n+1) a <n> + 1 = , (A.60) 
exp(lï«g/kT)-l 
1 
I(n-l) a <n> = . (A.61) 
exp(hWg/kT) 
The ratio of the anti-Stokes to Stokes peaks should then be exp(-hWg/kT) 
as is observed. The expression for the scattering probability for 
energy loss thèn becomes 
ne^ exp(IIw_/kT) / BL - 1 e* - 1 \ 
Q = — . (A.62) 
2hvcos9 exp(hWg/kT)-l ^ + 1 e* + 1 ' 
This is the expression obtained by Ibach and Mills using a slightly 
different approach.^ 
This expression holds for the so-called Fuchs-Kleiver surface modes 
on semi-insulating infrared-active compounds. It is assumed that the 
angular distribution of the scattered electrons is small enough so that 
most all of the electrons are captured by the analyzer. This is usually 
true for single crystal surfaces in the dipole scattering regime. 
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IX. APPENDIX B: 
TUNING THE HREEL SPECTROMETER 
As  mentioned before, tuning of the spectrometer demands patience 
and practice. Many local maxima exist in the phase space of tuneable 
parameters. The basic strategy of tuning the spectrometer is to start 
with a set of more or less proven initial conditions. One then 
maximizes the current at various places in the spectrometer by adjusting 
the voltages in a systematic way. This Appendix will expand on the 
theory of the 127* sector and its interaction with other parts of the 
spectrometer, set up the initial conditions, and then take one through 
the various stages of tuning the spectrometer. 
A. Definition of Quantities 
We first define the important parameters. For the mahipular, the 
X- direction is defined as the horizontal direction perpendicular to the 
axis of the manipulator. The y-direction is defined as the vertical 
direction perpendicular to the axis of the manipulator, and the 
z-direction is the direction along the axis of the manipulator. The 
angle of rotation about the z-axis is defined by 6. 
The front panel of the spectrometer is divided up into several 
sections. The first of these sections contains the controls for the 
electron gun. In the lists that follow, the first name labels the 
variable that you control, and the name in parentheses labels the 
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corresponding push-button on the consol used for measurement of that 
quantity. Note that some of the quantities are not measurable. 
Ifil Filament (current) 
R Repeller (repeller) 
Ai Anode 1 (main) 
Anode 1 asym (dlff) 
A2 Anode 2 (main) 
M2 Anode 2 asym (diff) 
A3 Anode 3 (main) 
M3 Anode 3 asym (diff) 
Eg Primary Energy (prim energy) 
All of these quantities except Bp make up the electron gun. Each anode 
has two plates. The quantities Al, A2, and A3 give an average value of 
the two plates and are measured with respect to the center potential of 
the cathode, which floats at a potential Ep/e below ground (target) 
potential. The asymmetries provide beam steering capabilities, and each 
is provided with a polarity switch. 
The monochromator voltages are defined as follows: 
Monochrom. contact potential 
PEj, Monochrom. pass energy 
M Monochrom. slit potential (slit) 
rpp, Voltage on inner plate of pre-monochrom. 
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R, pm Voltage on outer plate of pre-monochrom. 
Voltage on inner plate of main monochrom. 
Voltage on outer plate of main monochrom. 
V - rpm (dlff) 
®mm ~ "^mm (^iff) 
The pot labeled controls the contact potential between the cathode 
and the entrance slit to the pre-monochromator. The actual effective 
level of zero potential will not be at the center potential of the 
cathode, but instead will be slighly shifted, forming an effective 
contact potential C^^eff' This is due to the fact that the electrons 
will be pulled out of a charge cloud near the cathode. This shift will 
depend on the cathode emission density, the repeller potential, and the 
slit potential M. The net effect of changing is to simply change the 
monochromator slit potential M, measured with respect to the center 
potential of the cathode. Changing the monochromator pass energy PE^, 
however, is set up to not only change the slit potential M, but also the 
deflection capacitor voltages in such a way as to maintain a linear 
relationship between M and the various deflection plates. The pass 
energy is proportional to the potential difference between the various 
pairs of plates. Combining equations (3.3) and (3.4) we see that the 
various quantities are related by the equation: 
PE„ = ymvj^ = = + M). (B.l) 
^ln(Rpm''rpm) ZlnfR^m/rQ^) 
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Since the resolution is proportional to the pass energy, this 
equation states that the resolution is proportional to the capacitor 
voltages. 
The analyzer voltages are now defined: 
Ca Analyzer contact potential 
PEa Analyzer pass energy 
A Analyzer slit potential (slit) 
•^ma Voltage on inner plate of main analyzer 
®ma Voltage on outer plate of main analyzer 
^sa Voltage on inner plate of secondary analyzer 
^sa Voltage on outer plate of secondary analyzer 
^ma ®ma ~ '^ma (^iff) 
Asa Rga - ^ sa (diff) 
The quantities are similar to the corresponding monochromator voltages 
except that the analyzer contact potential is the contact potential 
between the target (ground) and the analyzer slit A. A similar relation 
holds for the various quantiies: 
9 ®4na ®^sa 
PEg = %mVo^ = = e(Ca + A) (B.2) 
ZlnCRj^a/'^ma) 21n(Rgg/rga) 
Very low pass energies (~0.5eV) are needed to obtain the desired 
high resolution. The electrons must then be accelerated towards the 
target when they leave the monochromator to get the desired impact 
116 
energies (-5-20 eV). The accleration optics that do this consist of two 
electrostatic lenses: 
Electrode 1 (main) 
âE^ Electrode 1 asym (diff) 
E2 Electrode 2 (main) 
6E2 Electrode 2 asym. (diff) 
Again each electrode is made up of two plates. The main voltages are 
again measured with respect to the cathode center potential. The 
asymmetries provide beam steering capabilities perpendicular to (E^) and 
parallel to (E^) the plane of scattering. 
Once the electrons have scattered from the target, they must be 
decelerated to the pass energy of the analyzer. The deceleration optics 
also consists of two electrostatic lenses: 
Eg Electrode 3 (main) 
E^ Electrode 4 (main) 
ÛE^ Electrode 4 asym. (diff 
Beam steering perpendicular to the plane of scattering is provided by 
ÛE^ . There is no asymmetry control for E3. 
Figure B.l shows the relationship between the various voltages in 
the scattering process. An electron that has lost energy h<o when 
scattering at the surface enters the analyzer with an energy given by 
e f f e c t i v e  z e r o  p o t e n t i a l  l e v e l  
i\ 
PE =(c  +M)e  m m 
1 
(A mm ) e s l i t  
m o  n  o  c  h  r  o  m a  t o r  
PE =(c +A) 
a a ' 
{=}. 
flW 
T" (A mo )e 
a n a l  y  z  e  r  
1 
t a r g e t  
Fig. B.l Voltage and potential relations between monochromator, target, 
and analyzer 
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e(Ca + A) - hw. In order for these electrons to pass, A must compensate 
for hw. Usually the elastically scattered electrons are collected at 
the same slit potential as the monochromator. In the spectrometer, the 
analyzer slit potential is then ramped across the range from near the 
elastic peak out to about 500 mV below the elastic peak. The 
corresponding deceleration optics and plate potentials are also ramped 
accordingly (while keeping the potential difference between the plates a 
constant). Maxima in the transmitted electron current will occur when A 
- M = hw. These electrons are collected and multiplied by a channel 
electron multiplier located at the exit slit of the secondary analyzer. 
B. Initial Setup 
When tuning the instrument initially one should make sure that all 
of the cables are connected properly. Two cables provide the voltages 
to the spectrometer. Two MHV feedthroughs provide the connections to 
the "high" and "low" of the channeltron detector. Cables connected to 
these feedthroughs are fed into a decoupling box. High voltage is fed 
into this decoupling box, and the signal is sent out. The output is fed 
into a pre-amp and then to the ratemeter. The HREELS power supply 
should be plugged in, and the LED display at the top of the panel should 
be on. To measure a voltage, simply press the appropriate button below 
the corresponding control pot and hold it. The voltage will appear (to 
the nearest millivolt) on the LED display. The filament current will be 
displayed while the button below the small filament current control pot 
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is pressed. 
C. Finding the Straight Through Beam 
Step 1: Once the cables have been properly connected, the current 
in the hairpin filament can be turned on. If the system vas recently up 
to air, the filament current should be slowly turned up from zero to 2A. 
This will give the filament a chance to outgass slowly, thereby 
increasing its life. 
Step 2: With the filament current (Ifji) at 2A, set the following 
initial conditions: 
Cg, fully counterclockwise 
M (slit) set to about -0.200V using the PE^ control 
Amm 0.5V 
R IV 
IV 
15V 
-2V 
Asym. all set to zero 
It is important that these settings be done in the order presented 
because of the interdependence of the controls. 
Step 3: Take a picoammeter and connect it to the plug labeled R^,^ 
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(from spectrometer) on the front panel. Set the plcoammeter to its most 
sensitive current range. Nov slowly turn up until the picoammeter 
registers some current. 
Step 4; Maximize the current in a cyclic way by adjusting R, Aj, 
^2' ^ 3' ^ m» Ifii' After a few cycles adjust the associated 
asymmetries as well. Continue until a maximum is reached in the 
current. The current should be in the 10"® range. Changing Ap^ both 
ways should result in a reduction of the current. If it doesn't, change 
A2 about 3V up or down and repeat the optimization process. 
Step 5: Current will now be measured at the target location in the 
scattering chamber. Reconnect the main monochromator to the voltage 
supply, and put the sample holder in the center of the scattering 
chamber. Hook the electrometer to the feedthrough pin connected to the 
sample holder. Be sure to ground the shielding on the electrometer 
cable. 
Step 6; Set Eji to +1V and E2 to +3V, and set their associated 
symmetries to zero. Set the electrometer to its most sensitive range. 
Slowly turn up until some current is registered on the picoammeter. 
Now optimize in a cyclic way adjusting Ifn, R, A^, A2, A3, Ej, E2, 
and the associated asymmetries. The maximum current attainable should 
be in the 10"^^ range. 
Step 7: Remove the sample holder from the scattering chamber, and 
make sure that the spectrometer is in the straight through position. 
Set the slit potential A of the analyzer and E^ to the same value of the 
monochromator slit M. Connect the picoammeter to the plug labeled R^^ 
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(from spectrometer), and slowly turn up Eg until some current is 
registered on the picoammeter. Maximize the current by adjusting E^, 
E2> Eg, E^, and their associated asymmetries, and then reconnect the 
main analyzer to the voltage supply. 
Step 8: Set to exactly the same value as and set the 
channeltron high voltage supply to 2.2kV. The ratemeter should be at 
its highest sensitivity. Slowly turn up from zero until some counts 
are registered on the ratemeter. 
Important: Do not let the count rate exceed 3x10* cps. Count 
rates greater than this will shorten the life of the 
channeltron. When maximizing the signal, keep the 
count rate below 3x10* cps by lowering the filament 
current, Ifi^. 
Step 9: Note the optimum filament current. This will be needed 
later. Maximize the signal in a cyclic way by adjusting AE^, E^, AE2, 
E2, E3, ÛE^, E^, A (using the motorpot), and ûg^. In the straight 
through position, count rates of about lO^cps should be achievable with 
the filament current reduced to about 1.5A. 
D. Finding the Reflected Beam 
Step 10: Rotate the analyzer to the sample analysis position. 
This is done by making 11 turns of the linear motion feedthrough. 
Insert the sample into the scattering chamber. The sample should be 
vertical and facing towards the monochromator and analyzer. The sample 
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is in the right position when it can be viewed through the small slit in 
the scattering chamber. It is very important that the sample be 
grounded, either directly or through the picoammeter. 
Step 11: Turn up the filament current to the optimal value noted 
in step 9. Set the ratemeter to its highest sensitivity. Now adjust 
the X setting of the manipulator until some counts are observed on the 
ratemeter. If this doesn't work try adjusting 6E^. Once some signal 
has been obtained, optimize in a cyclic way using all of the settings. 
Oxide and carbon contaminated samples should provide count rates of 
around 10^ cps. Clean single crystal samples should give count rates in 
excess of 10^ cps. 
Step 12: Use the recorder to check the shape of the elastic peak. 
Often times there will be a tail on the energy loss side of the elastic 
peak, causing the elastic peak to be asymmetric. This is caused by the 
target increasing the angular divergence. To reduce this tail do the 
following: 
- Shift the recorder pen using the motorpot to the position of the 
tail. 
- Change to reduce the tail. 
- Go back to the elastic peak. 
- If the elastic peak is reduced by more than 25%, change in the 
other direction. 
- Optimize the elastic peak using E2, AE2, E^, AE^, Eg, and 
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E. Reducing the Halfvldth of the Elastic Peak 
Step 13: Begin to optimize the resolution by turning down the 
monochromator pass energy. Turn down the pass energy until the 
ratemeter registers a count rate of a few hundred cps. Make sure that 
you don't lose the signal because it is very tough to get it back. 
Regain the signal by adjusting in order the following papameters: c^^ 
ûp^, R, E2, E]^, Eg, Ifii, and the associated asymmetries. 
Step 14: Turn down the analyzer pass energy until the the analyzer 
slit potential A is the same as the monochromator slit potential M. 
Turn the motorpot until the signal regains its maximum. This will 
result in A no longer being equal to M. Repeat step 14 until A is 
approximately equal to M for a maximum in the elastic peak. 
Step 15: Now maximize the elastic peak by adjusting the gun 
parameters, the acceleration and deceleration optics, Ap^, and Ag^. 
You may wish to repeat steps 13 through 15 for an even better 
resolution. There is always a tradeoff, however, between count rate and 
resolution. How far down you may go in resolution depends on a number 
of things. Some loss peaks (such as overtones) demand a gain of xl0,000 
over the elastic peak. Obviously one needs count rates well in excess 
of 10,000 cps in order to observe these peaks. One can reduce the 
resolution only so far and still retain these count rates. Other losses 
(such as optical phonon losses) are in general a significant fraction of 
the elastic peak. One can improve the resolution and reduce the elastic 
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peak to even 1000 cps and still be able to observe these losses. 
Disordered surfaces have a lower reflectivity, and hence a lower maximum 
count rate for the elastic peak. One can, in general, achieve a better 
resolution on well ordered, single crystal surfaces. Finally, some 
semiconducting samples cause a broadening in the elastic peak due to 
scattering from free carrier excitations.^ This can sometimes degrade 
the ultimate resolution. 
F. Tips on Achieving the Maximum Possible Signal 
Sometimes, no matter how many times you go through the cycle of 
optimization, you can't seem to increase the count rate to a reasonable 
value. This can be very frustrating. What has happened is that you 
have reached a local maximum in the adjustment of the parameters. 
Experience has shown that there are several things one can do that may 
increase the count rate: 
- Degrade the resolution slightly by doing steps 13-15, except this 
time increasing the pass energy. This will always result in a 
higher count rate. Often one can achieve a significant increase 
in the signal with only a slight degradation of the resolution. 
- Adjust the angle 6. On well ordered, single crystal surfaces the 
angular halfwidth of the scattered beam is only a few degrees. 
Even being slightly off-specular could reduce the signal 
significantly. 
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- Check the asymmetries. Very large asymmetry voltages in the 
acceleration and deceleration optics indicate some geometric 
misalignment. Reduce the asymmetry and remaximize. The 
interaction of AE2 and the x-position is particularly strong. 
- Optimize the signal at the sample by observing the current at the 
sample using the picoammeter. Then optimize the signal on the 
ratemeter by adjusting the deceleration optics and the analyzer 
settings. 
- Change the primary energy and reoptimize. Often the reflectivity 
is very sensitive to the incident electron energy. 
- Change the monochromator slit potential M using C^,. Then change 
the analyzer slit potential A using Cg and reoptimize. 
Experience with the will eventually give one the "feel" of the 
spectrometer. This is very helpful in obtaining the maximum possible 
signal. 
G. Troubleshooting 
Sometimes no signal is obtainable even in the straight through 
position. There are several possible causes for this, and some of them 
are given here. 
- Check the cables, and make sure the power is on to all 
components. 
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Is the high voltage on? If so, check the output with a high 
voltage probe. 
Transients of unknown origin have been known to blow transistors 
in the pre-amp. The one that blows most often has been put into 
a socket for easy removal. Check this one first. 
Measure the resistance of the channeltron by measuring the 
current flow through the channeltron caused by a small battery. 
Use the picoammeter to measure the current. This can be done 
without bringing the system up to air by connecting to the two 
MHV connectors at the top of the spectrometer. The resistance 
should be about 10^ Q. 
If the problem is not in the HV supply, the pre-amp or the 
channeltron, it is probably in the spectrometer itself. Remove 
the spectrometer and check for continuity between the feedthrough 
pins and the various parts of the spectrometer. Wires have been 
known to come loose from the feedthrough. 
